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Abstract

Environmental isotope techniques have been used to study the water
resources in Great Basin National Park in east-central Nevada in an attempt to
understand the recharge and mixing characteristics of the creeks, lakes and shallow
groundwater in the park. The results have been used to trace the sources of the springs
and creek discharges and also to determine the isotopic behavior of the alpine lakes, as
well as groundwater exchange with the lakes.
Isotopic evidence shows that winter snow is the major contributor to
groundwater and makes up about 80% of groundwater recharge while summer rains
contribute about 20%.

Similarly, Lehman Creek is observed to be recharged mainly

by variable contributions of shallow groundwater and lake water.

Groundwater

recharge to the creek ranges from about 90% in the summer to about 60% in the
winter while the lakes’ contribution varies from 10 to 20% in summer and winter
respectively.
Three different types o f lake systems have been identified in the park.
These are open lakes which have both surface inflow and outflow, closed lakes which
have inflow but no outflow, and partially closed lakes which have outflows during
certain times of the year. The isotopic compositions o f the lakes are quite dependent
on the evaporation-inflow rates and are shown to be a qualitative measure o f the
degree of openness or closure of the particular lake.
Three different values of maximum isotopic enrichment attainable in the
park were obtained using three different methods. The differences in values suggest
two kinds of closed lakes which behave isotopically differently.

W ater balance

calculation using stable isotopes was performed for a closed alpine lake, Brown Lake,
which showed that the lake has considerable interaction with groundwater and is not a
completely closed lake.
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INTRODUCTION

Purpose
Great Basin National Park (GBNP) is one o f the newest national parks in
the United States.

It was established by the United States Congress in 1986 as a

tribute to the unique Great Basin area of western United States. The purpose o f the
park established in the authorizing legislation (PL 99-565) is "to preserve for the
benefit and inspiration of the people a representative segment o f the Great Basin o f the
western United States possessing outstanding resources and significant geological and
scenic values."
As a new park, building and campsite development is being undertaken by
the National Park Service (NPS) to accommodate the influx of park visitors.

In

addition, the NPS has prepared an Environmental Impact Statement that outlines a
proposed action and alternatives for management, use, and development of the park for
the next fifteen years. The proposed action and alternatives have been designed to
protect and preserve natural and cultural resources of the park.
To ensure adequate environmental conditions for visitors and wildlife, and
to perpetuate a natural ecological system, water requirements for Great Basin National
Park will prove to be much greater than that provided under its present water rights.
The hydrologic setting o f the park however, is not well understood and information on
the water resources is very limited.

This has prevented the NPS from preparing a

W ater Resources Management Plan for the park and has slowed the development o f
the park. This research was undertaken in order to understand the recharge and mixing
mechanisms of the lakes, creeks and springs in the park using environmental stable
isotopes of deuterium and oxygen-18.

Such knowledge will serve as a baseline

information and also help characterize the hydrologic setting o f the park.
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The information provided by this study will permit prediction o f the
migration o f possible pollution from one point to the other. It will help to identify any
potential impacts that may follow the short and long-term development o f water
resources in the park, and also provide valuable information to the NPS in developing
a W ater Resources Management Plan.

Objectives
This research effort was initiated to study the w ater resources of the
drainage basins of Lehman and Baker Creeks in order to understand the recharge
characteristics and the possible links between the various water bodies within these
basins. The main objectives o f the study are:
1. to determine the effect of the alpine lake system and precipitation on
groundwater and Lehman Creek discharge and,
2. to determine the isotopic behavior o f the alpine lakes.

Approach
Environmental isotope techniques were used as the main research tool.
Environmental isotopes are used as fingerprints to trace waters in the hydrologic cycle.
The difficulty of groundwater study by conventional means in fractured rocks and in
basins o f internal drainage make hydrogeologic study difficult and thus make the use
o f isotopes a more attractive complement (International Atomic Energy Agency, 1987).
Deuterium and oxygen-18 are constituent atoms of the water molecule and are
therefore not influenced by most of the chemical and biological processes that affect
dissolved constituents. This is especially true at normal environmental temperatures
for which it has been repeatedly demonstrated (International Atomic Energy Agency,
1974; 1980; 1983; 1986 and 1987) that these isotopes are conservative environmental
tracers.

The application of these techniques is based on the fact that waters of
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different hydrologic nature have characteristic and distinctive isotopic compositions,
and that stable isotopic compositions o f groundwater and surface water bodies are
conserved. Unlike radioactive environmental tracers, the stable isotope composition is
not inherendy time-dependent nor are time-scales established except by means of
seasonal variations which can, in most cases, be followed in the hydrological systems
(Payne, 1981).
Environmental isotope techniques using deuterium and oxygen-18 have
been used for a number o f hydrologic investigations. These isotopes occur naturally,
are not altered by flow path, and are accurately detectable even at low concentrations.
Most studies using environmental isotopes have generally focused on water dynamics
and water balance studies.

Dincer and Payne (1971) used the deuterium excess

parameter to study lake-groundwater interactions in southwest Turkey and concluded
that 31% of the base flow in the Kuprucay River could be attributed to lake water.
Gonfiantini et al., (1962) investigated the relationship between Lake Bracciano and
groundwater in Italy. They found that the lake’s contribution to the shallow aquifer
recharge was negligible. Fontes et al., (1979) studied Lake Titicaca and concluded
that subsurface water losses were quite small, if any.
Using a steady state model for Lake Schwerin in East Germany, Hubner et
al., (1979) found that 19% of the lake loss was due to evaporation.

Payne (1976)

reported on groundwater data for the area between Lake Paralmini in Turkey and the
coast.

He showed, that wells and coastal springs around the lake were discharging

water entirely of lake origin. Payne (1981) distinguished between the recharge source
for the Blue and White Nile rivers in Sudan using the contrast in their isotopic
concentrations. Krabbenhoft et al., (1990) studied the water balance of Sparkling Lake
in Wisconsin using the isotope mass balance method.

They estimated groundwater

exchange with the lake to be 27% o f the total annual inflow and 50% o f the total
annual outflow. Ingraham (1988) and Ingraham and Taylor (1989) observed the effect
of snowmelt on the hydrogen isotope ratios o f creek discharge in Surprise Valley,
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California. They concluded that upper basin groundwater rather than snowmelt was
the most important component of creek discharge in the valley. Matsuo et al., (1979)
investigated the water balance of the Hakone Caldera in Japan using stable isotopes.
Their computations indicated that 58% o f the inflow is derived from groundwater
while 88% o f the outflow is due to surface drainage.

Other workers (Space et al.,

(1991), Mckenna et al., (in press), Gat (1970), Lewis (1979), Zuber (1983), D incer et
al., (1979), Gonfiantini et al., (1979), Gilath and Gonfiantini, (1983), Payne (1970) and
Gonfiantini (1986)) have used the stable isotope techniques in studying the mixing
patterns o f various waters.

Previous Work in Great Basin National Park
One o f the earliest groundwater studies in east-central Nevada was made
by Clark and Riddell (1920) in Steptoe Valley adjoining Spring Valley to the west of
Great Basin National Park. Groundwater resources of ten valleys in eastern Nevada
including Spring Valley and Snake Valley were reported on by Eakin and others in
1951. Hood and Rush (1965) conducted a reconnaissance assessment o f groundwater
resources in Snake Valley area. They speculated that the creeks in the area (Baker,
Lehman and Trout) were fed by snowmelt in the months o f May, June and July and
recharged

by groundwater thereafter during the year.

A similar groundwater

assessment was completed in the Spring Valley (Rush and Kazmi, 1965) as part o f the
United States Geological Survey Water Resources Reconnaissance Survey.
(1968) delineated the groundwater flow systems in Nevada.

Mifflin

Using the presence or

absence of important interbasin flow as a criterion, he separated the one hundred and
thirty six recognized flow systems in Nevada into two groups.

Maxey and Eakin

(1949) and Eakin et al., (1951) reported on the method used to estimate groundwater
recharge in Nevada and Utah. The method is empirical and estimates the recharge
derived from a given area as a percentage of estimated annual precipitation.
Limited water quality data are available for Teresa, Stella and Brown
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Lakes (Metcalf and Stepanian, 1988; Raab et al., 1988), three of the five major lakes
in Great Basin National Park. M etcalf and Baker (1988) performed a reconnaissance
level water quality monitoring at specific sites in Shingle, Snake and Lehman Creeks.
Little information on the recharge characteristics and possible relationships between the
various water bodies in the park is given by any of these studies.
The only previous isotope hydrology work done in Great Basin National
Park was performed as part o f cave hydrology.

Using the differences in the stable

isotopic compositions, Ingraham and Chapman (1989) differentiated between Lehman
Creek and Rowland Spring. In Lehman Cave, these researchers observed differences
in the stable isotopic ratios of drip water, water vapor and pool water. M easurement
of the changes in isotopic compositions o f lakes, springs (groundwater), creeks, and
precipitation in Great Basin National Park has provided data for a useful study of
recharge characteristics and mixing patterns due to their different isotopic signatures.

6

ENVIRONMENTAL SETTING

Historical Background
Great Basin National Park is located in east-central Nevada in the Snake
Range (Fig. 1). The park incorporates the former Humboldt National Forest, W heeler
Peak scenic drive and the Lehman Caves National Monument which was established in
1922.
Efforts to establish Great Basin National Park started as early as 1924
when advocates o f the park proposed an expansion of the national monument by
adding W heeler Peak and redesignating the monument as a national park. However, it
was not until October 27, 1986 that the authorizing legislation for the creation o f Great
Basin National Park as the 49th national park in the continental United States was
signed.
Mining began in this part of Nevada in the latter part o f the nineteenth
century and has been the mainstay of the economy in the area (National Park Service,
1991). There are still some important mineral deposits in the Snake Range and it is
believed that, depending on the price of various metals, mines could be re-opened
sometime in the future.

Prospecting is not permitted in the park, but unpatented

mining claims may be worked, provided a plan o f operation has been approved by the
National Park Service.
Some o f the common shrubs and trees in the park are pinion pine which
was a useful fiber to the Native American people, aspen and bristlecone pine. Five
ecosystems exist between the crest of the block-faulted range and the desert floor
Tuttle, (1990) and are mainly controlled at their respective levels by temperature and
moisture. The five zones are, from bottom, 1) sage and pinion juniper of the desert; 2)
manzanita and mountain mahogany; 3) aspen and Douglas fir; 4) Engelman spruce
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Figure 1: Location of Great Basin National Park, Nevada.
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and pine; and 5) hardy alpine plants above the treeline. At the edge o f the treeline in
the highest zone are the centuries-old, gnarled and twisted bristlecone pines surviving
in an ancient forest. One bristlecone pine tree named W PN-114 located at the bottom
o f the W heeler Peak Rock Glacier was found to be 4900 years old.
The facilities maintained by the NPS in the park include a portable water
treatment and storage system, a sewage treatment system, park housing, a maintenance
facility and campgrounds. Although these facilities were adequate to serve the needs
o f visitors of the national monument and the Humboldt National Forest, responsibilities
associated with managing the 77,000-acre park and potential for substantially increased
visitation will require additional development. In 1992, visitation to the park was
estimated at 70,000 per year since its establishment in 1986 (National Park Service,
1991). Much of the development taking place in the park currently is within the
drainages of Lehman and Baker Creeks drainages, the two largest perennial streams in
the park. Present development of water is limited to the use o f groundwater from the
Cave Springs system (Fig. 2).

Water from the Cave Springs is pumped into a

reservoir, treated and distributed to the park housing and visitor’s center by gravity.
Water in the campgrounds is not treated and requires boiling before use.

Climate and Physiography

The present climate o f Great Basin National Park is generally cold arid to
semi-arid.

The park area is under the dominance of a rain shadow created by the

Sierra Nevada, about 560 km (350 miles) to the west.
Precipitation in the park generally originates from the Pacific Ocean in
winter and from the G ulf o f M exico in the summer (Houghton et al.,

1975).

Moisture-laden air masses from the Pacific Ocean are forced to rise over the high
ridges o f the Sierra Nevada. The air mass cools adiabatically and produces rain and
snow on the windward side o f the ranges. The air warms as it descends on the lee side
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depriving the land below of rain, creating desert climate. The annual rainfall in the
park ranges from less than 250 mm in the basin valleys to between 500 and 750 mm
in the mountain ranges (Houghton, 1969). Much of the precipitation in the high
mountain summit is in the form of winter snow (Tuttle, 1990). In summer, rain falls
as infrequent but torrential showers o f short duration. Enough precipitation falls on
W heeler Peak to support alpine meadows, small snowfields and an icefield that lasts
through the summer. The area was characterized by less than average precipitation in
the preceding six years before the study (National Park Service, 1990).
A wide range of temperatures is also observed in Great Basin National
Park. Temperatures of about 33°C are common during the summer months at lower
elevations.

Cooler temperatures of about -1°C are experienced at higher elevations

during the winter and snowstorms are possible in the mountains any month o f the year.
These conditions have prevailed in historic time, but during the pluvial
episodes o f the Pleistocene Epoch, the climate was much wetter (Tuttle, 1990). During
Pleistocene times temperatures averaged 9 to 13°C cooler. Glaciers accumulated on
W heeler Peak and other high summits of the Snake Range. Late Pleistocene snowlines
are estimated to have been at about the 3,200 to 3,596 m level. Pluvial lakes occupied
Spring Valley and Snake Valley on either side of the Snake Range. The lake in Snake
Valley was the westernmost arm of Lake Bonneville (Tuttle, 1990), a large pluvial
lake that spread over eastern Nevada, Utah, and southern Idaho.
Great Basin National Park lies within the Basin and Range physiographic
province o f western United States and contains approximately 77,000 acres o f largely
mountainous terrain rising from 1890 m (6200 ft) at the valley floor to 3982 m (13,063
ft) at the summit of Wheeler Peak (Hood and Rush, 1965).

The physiographic

province is characterized by a series of generally north- to north-east trending
mountain ranges composed predominantly of carbonate rocks of Paleozoic age. The
intervening valleys are partly filled with detritus from the mountains. The mountain
ranges rise from about 300 m to more than 2000 m above adjacent valleys.

High

11

above the desert floor are snowy peaks, alpine meadows, cirques and cirque lakes.

Geology
The snake range is comprised o f marine sedimentary rocks ranging in age
from Cambrian through Pennsylvanian. W heeler Peak, the highest point in the Snake
Range consists of thick Prospect Mountain Quartzite o f Cambrian age (Tuttle, 1990).
The erosive action o f successive Pleistocene cirque glaciers gave W heeler Peak its
distinctive, hornlike profile. (Tuttle, 1990). The mountain ranges are complexly folded
and the present topographic relief is believed to be largely the result o f movement
along many north-trending faults (Rush and Kazmi, 1965).

The valley floors are

marked by large alluvial fans developed from debris derived from the Snake Range.

Hydrogeology
The water resources of Great Basin National Park are diverse.

They

include perennial streams, alpine lakes, numerous springs and riparian areas and
meadows (National Park Service, 1990). W ater in Great Basin National Park is
assumed to be derived mostly from local precipitation (rain and snow) in the Snake
Range. Located in the heart o f the Great Basin region, no stream in Great Basin
National Park has an outlet to the sea. All surface runoff and streams flow into saline
lakes and marshes or gradually sink into sand and gravel in the beds o f disappearing
streams (Tutde, 1990). Water loss from the basin is eventually by evapotranspiration
and infiltration.
Data on the hydrogeology of the park are limited. The hydrogeology of
the

park

is

complex

and

there

are

zones

that

are

considerably

karstified.

Reconnaissance work done by Rush and Hood (1965) in the Snake Valley area show
that the main groundwater reservoir in the park is made up o f Paleozoic carbonate rock
that may locally control the movement of groundwater. These carbonate rocks appear
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to be part o f a regional hydrologic system (Rush and Hood, (1965)) because interbasin
flow o f groundwater takes place through similar rocks in eastern and southern Nevada
(Hess and Mifflin, 1978; Mifflin, 1968; and Eakin, 1966). The extent o f the regional
carbonate system is shown in Figure 3. Though these consolidated sedimentary rocks
have had their primary permeability considerably reduced by consolidation and
cementation, they have been repeatedly fractured by folding and faulting and have as
such developed secondary permeability through which water can be transmitted
(Mifflin and Hess, 1979).

In addition, the fractures and joints have been enlarged

locally by solution as water moves through them as indicated by the caves and springs
in the area. Groundwater is discharged to the surface by numerous springs.

The

locations o f these springs are controlled by permeability variations in the rocks and
water levels related to land surface altitude.

The springs may commonly represent

perched local systems that are not connected to the surrounding and underground
water. Some are discharge points for water that originates in the adjacent mountains.
The carbonate rock aquifers display a wide range in ability to transmit
water depending on location.

Dettinger (1989) reports o f transmissivities of 18,850

m2/day in carbonate rock aquifers in Coyote Springs Valley in southern Nevada and
much less in other wells drilled in the carbonate aquifer elsewhere; values o f between
460 and 1000 m2/day are reported for wells near Mercury in southern Nevada. The
carbonate rocks are widespread and laterally continuous in north-south direction,
however, their thickness is nonuniform.

Dettinger (1987) proposed that these thick

carbonate rocks probably contain the principal conduits for regional groundwater flow
from east-central Nevada into southern Nevada, with the flow ultimately discharging at
Muddy River Springs, Ash Meadows and Death Valley.
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Figure 3: Carbonate rock terrain in Nevada ( after Mifflin, 1968)
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THEORY OF ISOTOPE GEOCHEMISTRY

Isotopes are two or more forms of an element that have the same atomic
number but different atomic weights due to extra neutrons in their nuclei.

The

difference in atomic weight is a physical phenomena and does not alter chemical
characteristics.

Stable isotopes are those whose mass does not change with time.

Radioactive isotopes undergo radioactive decay, and radiogenic isotopes are formed by
radioactive decay but may or may not decay themselves.
Modem isotopic research in hydrology is based on the experimental and
theoretical work by Urey (1947) on the fractionation effects for stable isotopes. The
stable isotopes of oxygen and hydrogen are intrinsic parts o f the water molecule. They
can be used to help understand the source of a water, or processes that have affected
the water since it was formed. The most important stable isotopes used in hydrologic
applications are two isotopes o f oxygen, (oxygen-16, or 160 , and oxygen-18, or lsO)
and two isotopes of hydrogen (protium, H and deuterium, D). The natural abundance
o f oxygen-16 in the hydrosphere is about 99.8 percent and oxygen-18 accounts for
only 0.20 percent.

A third isotope o f oxygen, oxygen-17 behaves similarly to

oxygen-18 in the hydrologic cycle. O xygen-17 is however, much less common than
oxygen-18 and the effects o f fractionation on oxygen-17 are only about half as large as
those of oxygen-18. Measurements of the abundance o f oxygen-17 are thus not used
in hydrologic studies. The natural abundance of protium (H) in the hydrosphere is
about 99.98 percent of the hydrogen atom while deuterium (D) is only 0.016 percent.
Water molecules are made up of various combinations o f oxygen and
hydrogen isotopes and their physical behavior is dependent on the resulting molecular
weights. The differences in mass cause isotopic fractionation in nature. Fractionation
is any process that causes the isotopic ratios in particular phases to differ from one
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another and is the basis for the use o f stable isotopes as fingerprints o f different water
sources. The light isotopic species of water, H2160 has a higher vapor pressure and
diffusivity than the isotopically heavy species

H2180

and HDO (where D is

deuterium). During phase changes, the heavier molecules have a tendency to occupy
the lower energy state while lighter molecules occupy the higher energy state.
Fractionation occurs during the processes of evaporation and condensation because of
the different vapor pressures of HDO and H20 .
Isotope fractionation may occur by four processes: (1) distillation, (2)
kinetic processes, (3) vital effects, and (4) equilibrium and non-equilibrium isotopic
exchange reactions. Fritz and Fontes (1980) describe these processes in greater detail.
The absolute abundance ratio of isotopes is not measured in natural waters.
Only the relative difference in the ratio o f the heavy isotope to the more abundant light
isotope of the sample with respect to a standard is determined in delta (8) notation
defined as:
r.n .

o°/oo=

R

—R

^ sam p le ^referen ce

-

-T--------------x 1000
*Veference

where R is the isotope concentration ratio (e.g. 180 / 160 or D/H). The reference is the
Vienna Standard Mean Ocean Water (V-SMOW), which is nearly identical to the
Standard Mean Ocean Water (SMOW), a hypothetical water having both 5 lsO and SD
values equal to the mean isotopic ratios of ocean water that have been evaluated by
Craig (1961a), Epstein and Mayeda (1953) and by Horibe and Kobayakawa (1960).
V-SMOW has defined 8D and 8 180 values of zero. Positive 8 values thus show the
samples to be enriched in the heavy isotope species with respect to the reference and
negative values correspond to samples depleted in the heavy isotope species. The
fractionation factor a at 20°C is 1.08 for HDO and 1.009 for H2180 . In this case vapor
in equilibrium with water will be depleted in deuterium by about 80°/oo and in
oxygen-18 by about 9°/oo. The isotopic composition of the vapor is Rv = R w/a , where
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Rv is the isotope concentration ratio of vapor and Rw is the isotope concentration ratio
o f water.

Under equilibrium conditions the fractionation coefficient is equal to the

ratio of vapor pressures (Friedman et al., 1964).
Stable isotopic data are commonly plotted on a 8D - S180 diagram. Craig
(1961b) plotted over 400 samples o f world-wide meteoric waters and observed that 5D
and 5180 showed a very good linear correlation over the entire range, the relationship
being:

8D = 85180 +10
The line is referred to as the Meteoric Water Line (MWL). This line may vary locally
and in this case is referred to as Local Meteoric W ater Line (LMWL). Generally the
slope o f the MWL is produced by the ratio of the hydrogen and oxygen vapor/liquid
fractionation factors, and the intercept is produced by kinetic effects (degree of
disequilibrium) in the system.

Stable Isotopes in the Hydrologic Cycle
The ocean accounts for 90% o f the total amount o f water in the
hydrosphere (Poldervaart, 1955; Ronov and Yaroshevsky, 1967; L ’vovich, 1969) and is
the source and sink o f the hydrologic cycle.

The major changes in the isotopic

composition of natural waters occur in the atmospheric part o f the hydrologic cycle
and in surface waters that are exposed to the atmosphere.
The ultimate source o f water is from the evaporation of ocean water.
Evaporation from the ocean produces a vapor phase which is relatively depleted with
respect to ocean water. Despite the fact that great amounts o f water are constantly
evaporated from the ocean surface resulting in its continual enrichment in heavy
isotopes, this process does not result in any measurable change in the isotopic
composition of ocean water as a whole (Ferronsky and Polyakov, 1982) because all the
evaporated water finally returns to the ocean. The ocean is thus a unique reservoir
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and, provided the general heat balance of the earth is maintained, its isotopic
composition and other physical and chemical properties will remain constant.
The degree o f depletion o f heavy isotopes in precipitation is related to
parameters such as latitiude, altitude, distance from the coast, and intensity o f
precipitation (the so-called latitude, altitude, continental and amount effects), all o f
which are a measure in one form or another, of the degree o f loss of heavy isotopes in
the rain-out of moisture o f any air mass. Air undergoing condensation from cooling
due to lifting experiences a progressive depletion of heavy isotopes (Friedman, 1953;
Dansgaard, 1964; and Simpson et al., 1970) therefore there is the tendency for
precipitation at high altitude to be more depleted in heavy isotopes than precipitation at
low altitude; this gives rise to the altitude effect. Evaporation from raindrops as they
fall is an additional

mechanism that produces isotopic enrichment usually more

pronounced at lower altitudes. The further the vapor mass travels from its place o f
origin, the more precipitation events that might have occurred within it and the more
depleted the remaining vapor becomes in heavy isotope concentration (Simpson et al.,
1970; and Thatcher, 1967); this leads to the phenomenon called continental effect.
The isotopic compositions of short-term precipitation events are variable and do not
represent the annual average isotopic concentration of precipitation in the particular
area (Lawrence et al., 1982).

Such variability may be due to incomplete mixing of

vapor from different sources and variable amounts of precipitation (amount effect).
Observed isotopic composition of any individual precipitation event is
influenced by a combination o f many processes. The most important o f these are (1)
the isotopic composition and temperature of the water from which the vapor mass
originated, (2) the mixing o f that vapor mass with vapor from other sources, (3)
amount o f precipitation from the vapor mass occurring earlier along its path and the
conditions o f that precipitation, (4) temperature at which the given sample was
precipitated, (5) exchange between the precipitation (raindrop) and the water vapor in
the air through which they fall, and (6) evaporation from the raindrop or snowflake
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into the air through which they fall.

All these factors are important in producing

variations in the stable isotopic ratios o f precipitation as well as differences in the
isotopic composition between winter and summer precipitation in Great Basin National
Park by the influence of both the Pacific air mass and summer vapor from the G ulf of
Mexico.
Surface water bodies contain accumulations o f water collected over
varying periods of time and respond to the isotopic composition of atmospheric waters
by means o f molecular exchange with atmospheric moisture. Flowing surface waters
are subject to evaporation with a consequent increase in heavy isotopes content. Lakes
and reservoirs without any surface outlets are subject to evaporation without renewal
and their heavy isotope content may be expected to increase continually as the water
evaporates.
Subsurface waters ’inherit’ the isotopic characteristics o f the meteoric and
surface water inputs and, change very little except as a result o f mixing with waters o f
different compositions (Yutsever and Gat, 1981). Most groundwater bodies are
isotopically constant and closely reflect the average annual isotopic composition of
local precipitation.

However, differences may be found for the following reasons.

Some of the rain that falls on the land surface may evaporate before recharging the
aquifer, leaving the residual water isotopically enriched (Turner et al., 1987). Or by
selective recharge in which only some events recharge the aquifer while
precipitation events contribute water directly to surface waters (lakes and creeks).

all
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METHODOLOGY

The research was conducted by first performing a literature review of
water resources in Great Basin National Park and its immediate surroundings.

A

reconnaissance visit was then made to the park to ascertain site conditions and
compare water resources data in the field to those obtained in the literature.

A

comprehensive sampling program was then designed to collect water samples for
isotopic analysis to meet the stated objectives.

Field Work
A semi-regular sampling o f precipitation (rain and snow), surface water,
and shallow groundwater in the form of springs, was undertaken from August 1990 to
September 1991 to collect water for stable isotopic analysis.

The sample sites are

shown in Fig. 4. A total o f 210 unfiltered water samples were collected for the study.
In situ temperature and electrical conductivity measurements were taken for all
samples except for precipitation. Temperature measurements were taken with a hand
held mercury thermometer. Electrical conductivity measurements were made with a
YSI model 33 electrical conductivity meter equipped with an internal temperature
correction device; thus values are normalized to 25°C. The meter was calibrated prior
to sample measurements using conductivity standards (100 and 500 micromhos/cm)
bracketing the conductivity (conductance) of the samples.

Electrical conductivity

measurements were made by fully immersing the probe in the water for several
minutes ensuring that the probe did not touch the bottom or sides o f the creek, lake or
measuring container until the reading stabilized. The meter was recalibrated at the end
of the day to correct for any drifts during sampling.
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Precipitation Collection
Snow and rain samples were collected at elevations o f not less than 2000
meters above sea level mainly in the vicinity o f some of the lakes. Individual storms
were not sampled. A 2.5 cm diameter polyvinyl chloride (PVC) pipe was inserted into
snow banks to collect an integrated sample o f snow accumulations. The samples were
placed in 1/2 liter glass bottles and sealed with friction tape.

After melting, the

samples were transferred into 125 ml (4 oz) bottles and saved for isotopic analysis.
Rainfall samples were collected from three different locations within the
basin to determine whether there was any spatial variations in the stable isotopic
composition across the basin. The elevations were 3170 m near Stella Lake, 3225 m
near Brown Lake and 3255 m at the northern base o f the ridge between Baker and
Johnson Lakes. Rain samples were collected by mounting a 25-cm wide plastic funnel
through a tygon tubing and placing it through the neck o f a 1 liter bottle. A piece o f
friction tape was wound around the neck o f the bottle after inserting in the funnel. A
small volume of mineral oil was poured into each bottle to inhibit evaporation o f the
collected precipitation.

Each time, a sample was collected in the manner described

above and the rain collector was emptied into a half liter bottle and saved for analysis.

Surface Water Collection
Surface water samples were collected from Lehman and Baker Creeks,
outflow from Cave Springs system (Cave Springs Creek), and five alpine lakes Baker, Brown, Johnson, Stella and Teresa.

Lehman and Baker Creeks were each

sampled at three sampling points (Fig. 4). With the exception o f Johnson Lake, the
lakes are mostly shallow (less than 5 m deep) and were assumed to be vertically wellmixed.

Sampling was however, performed at the same points each time during the

sampling

period.

Generally

lakes

with

less

extreme

dimensions

are

homogeneous laterally because of strong actions of winds so such point samplings

more
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Figure 4: Drainages o f Lehman and Baker Creeks showing sample sites (WPC =
W heeler Peak Campground, JLS = Johnson Lake Spring, TLS = Teresa Lake Spring,
BC = sampling points along Baker Creek, LC = sampling points along Lehman Creek,
CSC = Cave Springs Creek, BCS = Springs that flow into Baker Creek, and LCS =
Springs that flow into Lehman Creek).
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were considered quite appropriate for this study.

During the summer, sampling at

greater depths of Johnson Lake was undertaken. At the same time, an experiment was
conducted on Brown Lake to examine the effect o f evaporation on the isotopic
composition of the lake water. A bucket of lake water was fetched and placed near
the lake; both the lake and the water in the bucket were sampled during the subsequent
sampling period. The water samples were collected in 125 ml (4 oz.) poly sealed glass
bottles, labeled and saved for isotopic analysis.

Groundwater Collection
Groundwater samples were collected from high elevation springs (above
2316 m) which flow into Lehman and Baker Creeks and any o f the lakes.

Four

springs each were sampled along Lehman and Baker Creeks and three others - Cave
Springs - that are used for the park’s water supply were also sampled. In addition, one
spring that flows into Teresa Lake and two springs that flow into Johnson Lake were
also sampled (Fig. 4).

In all cases, the springs were sampled at their orifices.

Sampling of some of the springs during winter was not possible due to heavy snow
cover. Samples were collected in 125 ml (4 oz) poly sealed glass bottles, labeled and
saved for isotopic analysis.

Laboratory Experiment
A laboratory experiment was performed to determine the maximum
isotopic enrichment attainable by an evaporating water body.

Compressed air was

bubbled through two columns of distilled water (7 liters each) to produce air o f a
relative humidity close to 100%. This air was mixed with dry air of relative humidity
o f almost 0% in a suitable ratio to produce a relative humidity of between 30 and
35%. This vapor was then bubbled through a third column containing about 4 liters of
distilled water designed to mimic an evaporating lake. Two liters of distilled water
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were added to the third column whenever the level dropped to the 2 liter mark. Initial
samples were taken before the bubbling was started. Subsequent samples were taken
from the third column whenever the water level fell to the 2 liter level and also after
adding 2 liters o f water. Vapor and water samples were randomly taken from column
2 to determine whether equilibrium was maintained between the vapor and the water
column.
After the first thirty days, incremental addition of water was regularly
made to the third column within 6 to 10-hour intervals maintaining the w ater level at
the 2 liters mark.

Samples were then taken at 5-day intervals until the isotopic

composition was stabilized. All the samples were carefully saved for isotopic analysis.
The experiment was performed at room temperature (between 23 and 26°C) which is
similar to the daily mean summer temperature in the sub-alpine to alpine area studied.

Laboratory Analysis
Stable isotopic analysis for oxygen-18 and deuterium were performed at
the Environmental Isotope Laboratory of Water Resources Center o f the Desert
Research Institute in Las Vegas, Nevada. Two methods were used to extract hydrogen
for hydrogen isotope analysis. Both methods involved the quantitative conversion o f
water to hydrogen gas by a reducing agent. The reducing agent in one method was
uranium (Bigeleisen et al., 1952) modified by Friedman, (1953) and the agent in the
other method was zinc (Kendall and Coplen, 1985). The uranium method was used
for the samples collected in August and September, 1990. The zinc method was used
for the rest of the samples.
The uranium method requires 5 microliters o f water sample which is
introduced by microsyringe injection into a sample preparation line.

The w ater is

vaporized and allowed to pass through a reduction furnace containing about 50 grams
of uranium metal turnings heated to between 750 and 800°C (Bigeleisen et al., 1952,
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Friedman, 1953). Hydrogen gas is produced by the following reaction:
2H20 + U = U 0 2 + 2H2
The hydrogen is collected in glass tubes filled with activated charcoal pellets. Gas
tubes containing the hydrogen samples are removed from the preparation line and
analyzed on a Nuclide Model 6 60 HD mass spectrometer.
Hydrogen gas extraction using zinc as a reducing agent involves the
introduction o f 10 microliters aliquot of the sample into an evacuated pyrex glass tube
(1/4" x 8") containing 10 - 15 grams of carefully prepared zinc shots. The tube is then
sealed with a torch and heated at 435°C for one hour (Kendall and Coplen, 1985).
The extracted hydrogen gas is then released for analysis on a Nuclide Model 6 60 HD
mass spectrometer.
Both methods are complete conversion methods by which water molecule
is reduced

and

disadvantages.

hydrogen

gas is extracted.

They both have advantages

However, they both produce satisfactory results.

and

For the uranium

method, many samples pass through the same heated quantity of uranium so there is a
possibility o f a "memory effect" on subsequent samples.

The zinc method has the

advantage o f no "memory effect". However, with different aliquots o f zinc used for
each sample and standard, if a batch o f zinc is not homogeneous due to improper
preparation, it is difficult to know which particular analysis might be in error. The
zinc method is faster and affords an overall savings in sample preparation labor and
time over the uranium reduction technique. Uranium is a superior reducing agent to
zinc which appears to be affected by waters with high mineral content that may yield
erroneous isotopic results. Notwithstanding, both methods produced satisfactory results.
The reproducibility of the entire process of deuterium analysis is +/- 1.0 per mil.
The guanidine hydrochloride method (Dugan et al., 1985) was the only
method used for the preparation of samples for oxygen-18 analysis. In this method 10
microliters of water are frozen into a glass reaction tube containing 10 grams of
guanidine hydrochloride that is sealed at the top by melting in a torch flame.

The
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water is quantitatively converted into carbon dioxide gas through a series o f reactions.
The gas is purified and analyzed on a gas ratio mass spectrometer. The Finnegan Mat
Model Delta-E mass spectrometer was used to analyze samples collected between
August 1990 and May 1991; the rest were analyzed on the Nuclide Model 6 60 HD
mass spectrometer. The reproducibility is 0.2 per mil.
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RESULTS

The location, elevation, temperature, electrical conductivity (EC) and
isotopic compositions o f all samples collected in Great Basin National Park (GBNP)
for this study are given in Appendices 1 - 4 . The deuterium and oxygen-18 relation of
all the samples are plotted in Figure 5.

With the exception o f some of the lake

samples, most o f the data points cluster around the Meteoric W ater Line (MWL) of
Craig (1961b) with the equation 8D = 88180 + 10. The most isotopically-depleted
water in the park is represented by the snow samples and Brown Lake represents the
most isotopically-enriched water. These two samples can therefore be classified as the
two isotopic end members of the hydrologic system in GBNP.

Isotopic Composition of Precipitation
During the period August 1990 to September 1991, 29 precipitation
samples comprising 13 summer rain and 16 winter snow samples were collected in the
study area. Snow samples were collected in October and January at elevations ranging
from 2987 to 3257 meters mostly in the vicinity o f some of the lakes.

W ith the

exception o f one rain sample collected at the GBNP Headquarters in August 1990 at
an elevation o f 2073 m, the rest o f the rain samples were collected at elevations
ranging from 2987 to 3255 in the months of June, July, August (1991) and September
(1990 & 1991). Analysis o f the precipitation samples showed marked differences
between summer rains and winter snowpack. Average differences o f 69°/oo in 8D and
ll° /o o in 8 lsO respectively for summer rains over winter snowpack were observed.
Figure 6 shows the 8D - 8lsO relation of precipitation samples. All the samples plot
close to the MWL. A linear regression analysis of the precipitation data gives a local
meteoric water line (LMWL) represented by the equation 8D = 7.78lsO + 7.2 which is
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Figure 5: 8D - S180 relation of all samples collected at GBNP.
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quite similar to that o f the MWL.

The weighted average 8D and 8 180 values of

precipitation in the park were -113 and -15.3°/oo respectively.
Rain samples ranged from -117 to -61°/oo and averaged -81°/oo in 8D;
S180 values ranged from -14.8 to -7.4°/oo and averaged -11.5°/oo. The values showed
a clear trend toward isotopically-enriched rainfall events towards the end o f summer
and early fall. The variation in isotopic composition between the August 1990 and
September 1990 rain samples can be explained by the difference in elevation o f sample
collection.

Rain

drops

are

subjected

to

evaporation

and

exchange

with

the

environmental vapor during their fall from the cloud to the ground (Dansgaard, 1964)
which causes greater isotopic enrichment at lower elevations than higher elevations.
Though no direct meteorogical evidence was observed in the area at the time of
sampling, the change in isotopic composition between the rain samples o f September
1990 and September 1991 (Appendix 1) could however, represent an early shift from
summer to winter atmospheric circulation in the region in 1990.
The 8 lsO values of the snow samples ranged from -17.9 to -14.1°/oo and
averaged -16.4°/oo. The 8D values showed greater variability ranging from -129 to
-112°/oo

and averaging -120°/oo. Smith et al. (1979), and Space (1989) found a

decrease o f between 40 and 50°/oo respectively in 8D values per 1000 m increase in
elevation for snow in the Sierra Nevada Range. Other workers (Friedman and Smith,
(1970) and Ingraham, (1988)) found no clear relation between snow 8D values and
altitudes on the east side o f the Sierra Nevada and W arner Mountains in Surprise
Valley respectively. The minimal variation in 8D values observed in the Snake Range
in Great Basin National Park can not be attributed to elevation since there appears to
be no correlation between deuterium composition of snow and elevation o f collection
(Fig. 7). The lack o f systematic variation can be attributed to the shortness o f the
sampling period and the discrete nature in which precipitation samples were collected.
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Surface Water and Groundwater Data
A total o f 56 creek samples were collected for this study.

The stable

isotope data of the creeks are given in Appendix 2, and plotted in Figure 8. All the
samples plot either on or close to the MWL which indicates that they are all of
meteoric origin.

There is no significant variation between the summer and winter

samples.

Lehman Creek
There is a remarkable consistency in the isotopic composition o f the
headwaters of Lehman Creek at sample point LC1. The 8180 values at LC1 ranged
from -15.6 to -15.1°/oo with an average value o f -15.4°/oo and a standard deviation o f
0.2°/oo which is equal to the analytical error. The 8D values averaged -112°/oo and
ranged from -114 to -109°/oo. At sample point LC2 in the middle section, the SlsO
values ranged from -15.5 to -14.6°/oo with an average o f -15.2°/oo. The 8D values
ranged from -114 to -101°/oo and averaged -109°/oo. The S180 of the downstream
section of Lehman Creek at sample point LC3 ranged from -15.6 to -14.7°/oo with an
average value of -15.2°/oo.
average o f -109°/oo.

The 8D values ranged from -114 to -107°/oo with an

The overall mean 8 180 and 8D values obtained for Lehman

Creek were -15.2 and -110°/oo respectively.
Between the sample point LC1 at the headwaters and sample point LC2 at
the middle section, the isotopic composition o f the creek shows a minimal enrichment
o f the creek water as it flows downstream from the higher altitudes. Based on average
velocities and the residence time o f water in the creek, such a small enrichment may
be due to evaporation. Friedman et al., (1964) noted that flowing surface waters are
subject to evaporation with the consequent increase in isotopic composition along their
course.
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Baker Creek
The isotopic composition o f Baker Creek did not show much variation.
The S180 values of the upstream section at BC1 ranged from -15.5 to -13.9°/oo with
an average value o f -14.6°/oo; the 8D values averaged -106°/oo and ranged from -112
to -101°/oo. In the middle section at sample point BC2, the average value o f 8lsO
was -14.9°/oo and the range was from -15.4 to -14.5°/oo. The 8D values ranged from
-112 to -104°/oo with an average value o f -108°/oo.

The 8 180

values at the

downstream section at sample point BC3 ranged from -15.3 to -14.6°/oo and the
average was -15.0°/oo. The 8D values ranged from -114 to -110°/oo with an average
o f -107°/oo. The overall mean 8180 observed for Baker Creek was -14.8°/oo and the
mean 8D value was -107°/oo. The isotopic composition o f Baker Creek seems to be
greatly influenced by the composition of the middle section where isotopic composition
seems to be controlled by that of springs and tributary creeks some of which were not
sampled for this study.
Generally no great shift in the isotopic composition o f the waters o f both
Lehman and Baker Creeks was observed between the time o f snowmelt in M ay/June
and late summer or early fall when baseflow seemed to be dominated by groundwater.
An enrichment of only 7°/oo in 8D in both creeks and .8 and .4 in 8 180 in Baker and
Lehman Creeks respectively were observed in their average summer heavy isotopic
compositions over those of winter.

Cave Springs Creek
Cave Springs Creek (outflow from Cave Springs) showed a remarkable
consistency in its isotopic composition.

This shows that the various spring waters

become very well mixed prior to reaching the sampling point. The S180 values ranged
from -15.9 to -15.3°/oo with an average value of -15.6°/oo. The 8D values ranged
from -119 to -110°/oo and averaged -112°/oo.

The recharge area of Cave Springs

Creek is at a lower altitude than those o f both Baker and Lehman Creeks, however, it
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showed the most depleted isotopic composition among the creeks. This could be due
to a very low evaporation-inflow ratio o f the creek possibly related to its short travel
time to the sampling point about 150 m downstream o f the springs.

Lakes
Data on the various lakes are given in Appendix 3. Figure 9 shows a plot
o f the 8D - 5180 relation for the five lakes sampled for this study. A great seasonal
variation in the isotopic compositions of the lakes was observed. All the lakes were
covered by snow during the winter so the spring snowmelt had a greater effect on their
isotopic compositions. Depending on whether a lake has a surface outflow or not, the
lake samples plotted either close to, on the MWL or on an evaporation line.
The 8180 values for Baker Lake ranged from -12.3°/oo in summer to
-15.8°/oo in winter and averaged -14.0°/oo. The deuterium content ranged from -114
to -96°/oo with an average o f -102°/oo. The average isotopic compositions for the
lake in summer were -13.6 and -100°/oo in 5 I80 and 8D respectively, while winter
averages were -15.1 and -107°/oo respectively in oxygen-18 and deuterium.
Brown Lake showed the greatest variation in isotopic composition. During
the study period, the deuterium content of the lake water ranged from -20°/oo in
summer to -100°/oo in winter and averaged -60°/oo. The 8 lsO values ranged from
-12.6 to +5.6°/oo with an average o f -4.5°/oo. Seasonal variations were very much
apparent.

Brown Lake showed the greatest evaporative enrichment among all the

sampled lakes.
Johnson Lake samples ranged in 8180 from -15.3 to -10.7°/oo with an
average o f -13.3°/oo. The SD values ranged from -112 to -94°/oo with an average of
-103°/oo, a 3 per mil enrichment over the average o f the inflowing spring. Johnson
Lake is the deepest lake in the park (>5 m deep) and becomes thermally-stratified
during the summer. Summer samples showed an enrichment o f 2 per mil in 8D o f
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epilimnion over the hypolimnion waters mainly due to the exposure of the epilimnion
waters to evaporation.
A great variation in the isotopic composition o f Stella Lake was observed
between summer and winter. A difference of 46°/oo in 8D was observed between the
two seasons.

The S180 values ranged from -14.6 to -5.1°/oo with an average of

-ll° /o o . The average SD value was -90°/oo and the range was from -110 to -64°/oo.
The average 8D and S180 values for summer were -80 and -9.1°/oo respectively and
winter average values were -105 and -14°/oo for SD and 8180 respectively.
The isotopic composition o f Teresa Lake ranged from -15.1 to -11.7°/oo in
8 180 with an average of -13.9°/oo. The 8D values ranged from -113 to -97°/oo. The
average 8D value was -102 which shows an enrichment o f 4 per mil over the average
value of the inflow spring.

The mean 8 180 o f the lake was only 0.9°/oo more

enriched than the inflow spring.

Springs
The isotopic compositions of groundwater in the park are represented by
those o f the springs which are given in Appendix 4. A plot o f the 8D - 8 180 relation
for the springs is shown in Figure 10. Most of the data cluster around the MWL. The
spring samples individually show some uniformity in isotopic composition. This could
be due to the mixing o f precipitation in the unsaturated zone and the non-fractionating
character of stable isotopes in groundwater at low temperatures. The springs that flow
into Lehman Creek (samples LCS1, LCS2, LCS3 and LCS4) were the most depleted
with average values ranging from -113 to -109°/oo in 8D and -15.8 to -15.1°/oo in
8 180 respectively. This could be due to the slightly higher altitudes o f the recharge
area. The overall average 8D and 8lsO values were -110 and -15.2°/oo respectively.
The springs that flow into Baker Creek (samples BCS1, BCS2, BCS3 and
BCS4) were slightly more enriched with mean values o f 8D ranging from -108 to
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-97°/oo. The mean S180 values ranged from -15.1 to -13.9°/oo. The overall mean 8D
o f the springs was -103°/oo while the mean 8 lsO was -14.5.

The seemingly large

range o f variation in the isotopic composition of Baker Creek Springs indicates that the
spring water is a mixture of varying proportions o f two groundwater sources each
having its own characteristic stable isotopic composition.
Cave Springs showed remarkable consistency in isotopic compositions
with their values ranging from -117 to -114°/oo in 8D and -15.9 to -15.2°/oo in 5 lsO
and average values of -115 and -15.6°/oo respectively in 8D and 8 lsO.
The springs that feed Johnson and Teresa Lakes showed very good
correlation in isotopic compositions with their respective

lakes.

The isotopic

composition o f Johnson Lake Spring ranged from -111 to -96°/oo in 8D and -15.4 to
-12.3°/oo in S180 .

The average values were -106 and -14.6°/oo in 8D and 8 lsO

respectively. Teresa Lake Spring averaged -106°/oo in 8D with a range from -112 to
-102°/oo.

The 8lsO values ranged from -15.4 to -14.3°/oo with an average o f

-14.8°/oo. The lakes show only a slight enrichment over the springs.

Time Series Data
The variation or consistency of the stable isotopic compositions o f water
bodies with respect to time usually gives information on their recharge sources or
mixing patterns.

Ingraham and Taylor (1989) noted that the consistency o f the 8D

values o f streamflow with time signifies a single dominant source, while shifts in the
8D values over time may be indicative of different recharge sources contributing to the
streamflow at different times. The mean isotopic compositions o f precipitation, creeks,
lakes and springs samples with time were plotted to observe their variations during the
study period.
Generally, both 8D and 8180 values o f the various samples showed similar
trends when plotted with time.

The 8D values were however used for the
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interpretation of the isotopic values because o f the smaller influence o f the poorly
known kinetic separation factor on the overall isotope enrichment factor on deuterium
(Zimmermann and Ehhalt, 1970; Friedman et al., 1976). In the case o f precipitation
and the lakes, (Fig. 11) the curves show that an annual cycle in isotopic composition
exists and that the range o f values between the individual lakes is greater in summer
than winter.

Temperature and Conductivity Data
Temperature and electrical conductivity (EC) measurements taken during
the sampling period are given in Appendices 2-4 along with the isotopic compositions
of the various samples. The temperatures o f the creeks ranged from 0 to 15.8°C. The
average temperature o f Lehman Creek was 5.8°C and that o f Baker Creek was 6.0°C.
The highest temperature o f 15.8 was measured in the Cave Springs Creek. Its average
value for the sampling period was 9.6°C.
The temperatures o f the lakes ranged from 0 to 6°C during the winter, and
7 to 21°C during the summer.

The highest temperature of 21°C was measured in

Brown Lake and the lowest (0°C) was measured in Baker Lake.
The temperatures o f the springs ranged from 0 to 17°C and were generally
slightly lower than the mean annual local temperature. Temperature measurements of
springs in the Snake Valley area by Mifflin (1968) indicates that the observed
temperatures o f the springs in Great Basin National Park appear to be associated with
groundwater that has circulated to relatively shallow depths with active recharge to the
groundwater system often nearby or in the vicinity of the observation point.
The electrical conductivities of the water bodies in the park are generally
very low. These low values indicate that the origin o f water is from ice and snowmelt
at high altitudes. The EC o f the creeks ranged from 8 to 109 micromhos/cm. The
values measured in Lehman and Baker Creeks ranged from 8 to 32 micromhos/cm and
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Figure 11: Plot of 8D versus time for precipitation and lakes sampled at GBNP.
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those measured in the Cave Springs Creek ranged from 60 to 109 micromhos/cm. The
comparatively high values measured in the Cave Springs Creek may be due to high
sediment content and, probably traces o f animal droppings that were sometimes found
in the immediate vicinity of the creek.
All the lakes had low EC values.

The values ranged from 5 to 34

micromhos/cm. The highest value of 67 micromhos/cm was measured in Brown Lake
water that was fetched in a bucket for an ‘evaporation experim ent’. The salinity
values o f the lakes are also too low to influence the isotopic fractionation processes
significantly.
The EC values o f the springs were generally low except for Cave Springs.
EC values o f Cave Springs ranged from 72 to 115 micromhos/cm while those of the
other springs ranged from 5 to 54 micromhos/cm.

Though the values were

comparatively negligible, the EC values of the springs that flow into Lehman Creek
(LCS1, LCS2, LCS3, LCS4) were generally higher than that o f those that flow into
Baker Creek (BCS1, BCS2, BCS3, BCS4).
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DISCUSSION

Variations in the stable isotopic composition o f water in a drainage basin
are caused in part by natural variations in the isotopic composition of precipitation, the
input signal. The isotopic content o f precipitation is however, controlled in part by the
particular meteorological processes acting at a given time and place and is subject to
considerable variation. The observed variations in isotopic compositions o f the creeks,
lakes and springs in GBNP can be thought of as reflecting the overall isotopic
processes accompanying changes in atmospheric water vapor resulting from rain-out
and terrestrial recycling. The physical and chemical peculiarities of each sample as
determined by the analysis and measurements can be regarded as a kind o f memory of
its past history.

Isotopic Variation in Precipitation
Existing isotope models o f the rain-out process show that isotopic
composition of newly formed precipitation is directly related to the remaining fraction
o f vapor in the atmosphere which is in turn controlled by the difference in temperature
between the source region for the vapor and the site where precipitation occurs
(Rozanski et al., 1982; Craig and Horibe, 1967; Dansgaard, 1964; Ingraham, 1988).
From the results (fig. 6), it is observed that a seasonal distribution o f isotopic
concentration exists between summer rains and winter snow. Despite the wide
variation in isotopic composition between summer and winter precipitation and even
between individual storms, it is evident that all precipitation data may lie along one
single curve. The summer rains are enriched in isotopic composition in comparison
with winter snow.

Average enrichments o f 69°/oo and ll° /o o in deuterium and

oxygen-18 respectively of summer rains over winter snow were observed.
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The principal maritime source for most summer rains in the park is the
warm air mass blowing from the G ulf of Mexico through the relatively low-lying
desert which mixes with the Pacific air mass (Houghton et al., 1975).

W inter

precipitation is generally caused by the Pacific air mass. Since the isotopic composition
o f precipitation depends strongly on the details of the path, structure and evolution of
the air mass (Dansgaard, 1964; Lawrence et al., 1982), the difference in isotopic
composition between the summer rains and winter snow is due to the variation in the
source conditions of the precipitation producing air masses.

Isotopic Composition of Surface and Groundwater
The major param eters affecting the isotopic composition of runoff are the
original isotopic composition of precipitation input, flow duration, and air and water
temperature (Adar and Long, 1987).

It is assumed that all precipitation events

contribute water directly to the runoff of creeks.
creeks

should therefore follow

The isotopic composition o f the

a pattern developed

primarily by altitude

and

temperature. The isotopic compositions of the creeks however, do not show any
systematic enrichment from upstream towards the downstream. Lehman Creek shows
only a minimal enrichment from the upstream section to the downstream. Baker Creek
even gets depleted towards the downstream section. Cave Springs Creek was sampled
at only one point and it shows a slight enrichment over its inflow springs. The plot of
mean isotopic composition with time (Julian Day) (Fig. 12) shows a great similarity in
seasonal trends of the isotopic compositions of the creeks in the park.

The most

depleted isotopic compositions o f the creeks were observed in May/June. A significant
feature of the heavy isotopic composition of the creeks is the seemingly responsive
nature of the creek waters to isotopically depleted spring snowmelt. The snowmelt
events that caused responses in the creeks during the study period were isotopicallydepleted and the isotopic composition of the snow averaged -125°/oo in 8D and
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-16.9°/oo in S180 . The respective mean isotopic compositions of the creeks during the
snowmelt period were -111, -114 and -119°/oo in 8D for Baker, Lehman and Cave
Springs Creeks respectively. Their respective S180

values were -15.4, -15.6 and

-15.9°/oo. The apparently enriched isotopic composition of the creeks in comparison
with the snow during this time may be explained by evaporation processes and the
discharge of relatively isotopically-enriched groundwater into the creek waters. In the
case of Lehman Creek, the low gradient and the general morphology o f the creek
especially in its middle section coupled with the lack of thick vegetation cover
generally enhanced evaporation and thus caused an additional enrichment in heavy
isotopic content.
The stable isotopic composition of Cave Springs Creek was the most
depleted. Baker Creek showed the least depletion in response to the snowmelt (Fig.
12) followed by Lehman Creek.

The explanation for this may lie in the different

transit times for stream flow generation in the drainage basin and the quantitative
importance o f all water sources that flow into each of the creeks.

The seemingly

direct response o f the isotopic composition of Cave Springs Creek to that o f Cave
Springs can be explained by the shortness o f the distance between the sampling point
on Cave Springs Creek and the Cave Springs.
All the creeks show the greatest depletion in oxygen-18 and deuterium
during the spring snowmelt and get slightly enriched afterwards. During snowmelt, it
is expected that the light isotopes will prevail in the initial runoff due to isotope
fractionation caused by the melting process. As the melting process continues, the
heavy isotope concentrations of respective snow layers become more homogenized and
enriched as a result of rapid melt and less fractionation. Stichler et al. (1981) and
Space (1989) measured enrichments of 6 and 21°loo in 8D in the transition from snow
to snowmelt in sub-alpine to alpine environments in Switzerland and California
respectively. Any deviations may be attributed to the variation of the isotope content
o f different snow layers actually melting, isotope exchange of the percolating
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with time.
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meltwater and the snowpack, and evaporation.

Groundwater
Groundwater samples showed some uniformity in isotopic composition, despite the
considerable variation of the isotopic composition o f precipitation in the park. This
may be the result o f the recharge process (selective recharge) and the mixing in the
unsaturated zone as observed in a wide range o f environments (Matsuo et al., 1979;
Gat, 1981; Turner et al., 1987; Krabbenhoft et al., 1990). The mean isotopic
compositions did not show any significant variation either spatially or temporally.
Such uniformity in isotopic composition indicates that the springs (groundwater) are
spatially and temporally well mixed and have the capacity to buffer short-term isotopic
effects due to annual recharge to the groundwater system.

On the other hand,

mountain front recharge by precipitation which is subject to less isotopic fractionation
prior to infiltration seems more dominant compared to overland flow.

Although no

significant recharge is expected to occur when the amount of precipitation is small, the
layered movement o f moisture in the unsaturated zone could allow such rains to reach
the water table if they were immediately followed by rains o f high intensity. The
isotopic composition o f groundwater in the park is closer to the amount-weighted
average isotopic composition of precipitation in the park and seems to be less affected
by rains of light intensity in the summer.
The mean monthly isotopic compositions o f springs flowing into the
various creeks are given in Table 1. The mean values show Baker Creek Springs to
be slightly enriched compared with Lehman Creek Springs and Cave Springs. Mean
values of 9 and 1.0°/oo respectively in 8D and 5 180 over Lehman Creek Springs and
13 and l.l°/o o in 8D and 8 lsO respectively over Cave Springs were observed. The
seemingly large range o f variation in the isotopic composition o f Baker Creek Springs
indicates that the spring waters are mixtures o f varying proportions o f two groundwater
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Lehman Creek Springs

Baker Creek Springs

Cave Springs

Date

518(7

5D

518(7

5D

818(7

8D

8/90

-15.5

-110

-14.4

-102

-15.6

-115

9/90

-15.6

-112

-14.2

-100

-15.1

-111

10/90

-15.2

-111

-14.5

-102

-15.8

-117

1/91

-15.9

-113

-

-

-15.6

-119

5/91

-15.3

-113

-15.3

-110

-15.8

-118

6/91

-15.5

-114

-15.0

-110

-15.8

-116

7/91

-15.6

-114

-14.6

-107

-15.5

-118

8/91

-15.7

-113

-14.6

-103

-15.4

-111

9/91

-15.7

-115

-14.0

-98

-16.0

-118

Table 1: Mean monthly isotopic compositions of springs that flow into Lehman, Baker
and Cave Springs Creeks in GBNP. The 8 values are in per mil.
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sources each having its own characteristic stable isotopic composition. The depletion
o f Baker Creek waters relative to Baker Creek Springs is unexpected (fig. 13). Since
underground evaporation naturally cannot result in considerable changes in the isotopic
composition

of

groundwaters,

evaporation

subsequent

to

infiltration

of

both

precipitation and surface water seems to be locally important in the Baker Creek
drainage.

Source of groundwater in the park

The isotopic data obtained for precipitation and groundwater (springs) are
plotted in Figure 14. They mosdy plot on or close to the MWL. The groundwater
samples show a remarkable consistency in their isotopic compositions. Due to their
conservative nature, variations in the isotopic composition o f groundwater are related
primarily to differences in the origin of recharge. The seasonal variations o f isotopes
in the precipitation feeding the springs may be used for the identification o f the season
o f groundwater recharge. Table 2 shows the monthly mean isotopic compositions of
precipitation and shallow groundwater in the park. The mean 8D of the springs
(- lll° /o o ) show only 2°/oo enrichment over the weighted average 8D value of
precipitation. The average 8180 values are the same (-15.3°/oo). The variation in the
stable isotopic composition o f the springs extended over a range of 0.7°/oo in S180
and 8°/oo in 8D respectively. This indicates that shallow groundwater is a mixture of
varying proportions o f summer rains and winter snow each

having its own

characteristic isotopic composition.
The

small

amount of precipitation

in

the

summer and

the

high

evapotranspiration rates in the park suggest that summer precipitation would not be a
valuable contributor to shallow groundwater recharge. However, mass balance analysis
o f the mean isotopic compositions of summer rain, winter snow and shallow
groundwater (springs) indicates that shallow groundwater in the park is made up o f a
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Precipitation

Groundwater

5180

8D

818(9

8D

8/90

-7.4

-61

-15.2

-109

9/90

-15.5

-112

-15.0

-108

10/90

-15.8

-114

-15.2

-110

1/91

-16.7

-121

-15.7

-116

5/91

-16.9

-125

-15.5

-114

6/91

-14.7

-116

-15.4

-113

7/91

-10.7

-80

-15.2

-113

8/91

-10.4

-65

-15.2

-109

9/91

-11.2

-70

-15.2

-110

Date

Table 2: Mean monthly isotopic compositions of precipitation and shallow groundwater
(springs) in GBNP. The 8 values are in per mil.
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mixture o f about one-fifth (1/5) summer rain and about four-fifths (4/5) winter snow.
This simple computation gives a first approximation o f the seasonal contributions o f
precipitation to the shallow groundwater based on only one year’s data. These values
however, seem to be supported by the available weather records in the park (Table 3).
Summer and early fall rains make up about one-fourth (1/4) of the total annual
precipitation in the park while winter snow constitute about three-fourths (3/4). The
different humidity values and evaporation rates in the summer and winter make the
values obtained for the two seasons quite reasonable.
Considering the elevations from which the precipitation samples were
collected, it is believed that the use o f the mean isotopic composition in the
computation corrects for the altitude effect, though no direct correlation was observed
between altitude and isotopic compositions o f precipitation (Fig. 7).
The stable isotopic compositions and the quantitative analysis show that
shallow groundwater in the park is essentially from a common source, presumably
recharge from precipitation in the high mountains. A plot o f the time series data of
the deuterium content of precipitation explains the values obtained for the groundwater
recharge (Fig. 15).

During the months October - May groundwater is mainly

recharged by winter snow and the samples show only a slight enrichment over the
precipitation samples. The trend changes during the summer when the precipitation is
considerably more enriched than the spring water. Groundwater responds to the great
shift in isotopic composition of precipitation during the summer and becomes slightly
enriched.
From the above discussion, shallow groundwater in the park seems to be
recharged continuously throughout the year. The yearly amounts may however vary.
Extraction of shallow groundwater for water supply purposes as currently being done
seems to be an exploitation o f a renewable resource and does not presently appear to
pose any serious threat to water resources development in the park.

However,

discharge measurements of the springs should be made to ensure that it can meet the
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Air Temp ° C

Precip (cm)

Humidity

Evap (cm)

Jan

-3.8

0.53

0.51

-

Feb

-3.0

0.91

0.55

-

M ar

-2.6

2.31

0.64

-

Apr

2.1

1.14

0.52

-

May

5.1

36.8"

0.50

18.0

Jun

12.2

4.93

0.33

22.6

Jul

17.9

1.80

0.28

26.9

Aug

15.8

4.06

0.32

24.1

Sep

12.0

5.33

0.42

17.3

Oct

5.9

1.96

0.41

10.7

Nov

0.03

1.12

0.48

-

0.08

0.43

-

Month

Dec

-4.6

Table 3: Meteorological Data o f GBNP measured at Burnt Mill (average o f three
years, 1989-1991 except for evaporation rates which are over a 40-year period)
(Source: GBNP Resource M anagement Division, 1991).
Includes snow water equivalent.
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Figure 15: Plot of mean 8D of precipitation and shallow groundwater with time.
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daily requirements o f the park on a continuous basis.

Sources of Surface Water (Creeks)
The observed depleted isotopic composition of the creeks at the beginning
o f snowmelt coincides with the high flow period o f the creeks. The flow o f the creeks
reduces in early summer and reaches a minimum level by the end o f summer or early
fall. Following the onset of runoff generated by summer rains, there is a slight
enrichment in isotopic composition o f the creeks. The plot of 5D versus S180 of
precipitation, creeks and shallow groundwater (Fig. 16) shows all the creek samples
plot on the MWL and does not indicate any shift in the isotopic composition o f the
creeks from the M W L along ‘evaporation lines’. The EC values also do not show any
trend that implies the dominance of evaporative effects on the creek waters.
The seasonal variation in isotopic composition of the creek waters seems
quite minimal compared to that o f precipitation in the park.

Considering the

seasonality o f the oxygen-18 and deuterium content o f the precipitation it is expected
that if the

creeks

were

dominated

by

direct run-off,

higher heavy

isotope

concentrations in the creek waters should be expected in the summer than the observed
values. The mean isotopic compositions o f the creeks are given in Table 4.

The

differences in isotopic composition o f the creek waters at high and low water stages
probably reflects the quantitative contribution o f groundwater during both periods. The
time series plot of the creeks and their respective springs (Fig. 13) shows that the
isotopic composition of the creeks parallel those o f their inflow springs throughout the
year.

Modification by secondary effects produced by the seasonal distribution of

precipitation and the evaporation of moisture from the creeks seem quite negligible.
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Lehman Creek

Baker Creek

Cave Springs Creek

Date

8180

5D

8l8<9

8D

818(5

8D

8/90

-15.2

-107

-14.5

-104

-15.5

-114

9/90

-15.1

-106

-14.5

-103

-15.3

-110

10/90

-15.4

-111

-14.9

-107

-15.8

-117

1/91

-15.5

-113

-15.2

-106

-15.3

-118

5/91

-15.6

-114

-15.4

-111

-15.9

-119

6/91

-15.2

-112

-15.1

-111

-15.8

-119

7/91

-15.2

-110

-15.0

-109

-15.7

-116

8/91

-15.3

-110

-14.6

-108

-15.6

-115

9/91

-15.1

-110

-14.3

-103

-15.5

-115

Table 4: Mean monthly isotopic compositions o f Lehman, Baker and Cave Springs
Creeks in GBNP. The 5 values are in per mil.
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Lehman Creek
W ithin Lehman Creek drainage, the main sources o f water for the creek
are shallow groundwater, precipitation and lake water. The contributions o f water to
Lehman Creek flow can be determined by considering the isotopic compositions of
shallow groundwater, precipitation, lakes and the creek water. During high flow, Stella
Lake contributes water directly to the creek through its surface outlet.

No surface

outflow from Teresa Lake was observed even at high flow period during the study
period. The mean 8D values of Lehman Creek, Lehman Creek Springs and the lakes
(Stella and Teresa) during the low flow period were -106, -110 and -78°/oo
respectively. During periods of flow recession, the isotopic composition o f Lehman
Creek increases toward that o f groundwater, suggesting that the relative contribution of
shallow groundwater to the creek flow increases. By the mass balance method, it is
observed that Lehman Creek water is made up o f mostly groundwater (about 90%) and
a small fraction o f lake water (about 10%) during low flow period. The average 8D
values o f precipitation (snowmelt), Lehman Creek, Lehman Creek Springs and the
lakes (Stella and Teresa) were respectively -125, -113, -114 and -110°/oo during the
high flow period. The analysis shows that the creek water consists o f a mixture of
about 60% spring water, about 20% snowmelt and about 20% lake water during high
flow period. These values show the dominance o f shallow groundwater contribution to
creek discharge in GBNP throughout the year and seem to contradict the speculation
by Hood and Rush (1965) that the creeks in the region are mainly fed by snowmelt in
the months o f May, June and July and by groundwater thereafter.
The apparent significance o f groundwater contribution to sub-alpine to
alpine creek flows during spring snowmelt has also been observed by other workers
(Dincer, 1970; Martinec, 1975; Ingraham and Taylor, 1989; Rodhe 1981; and Space, et
al., 1991).

In such fractured and karstified carbonate rocks, the low intensity long

duration nature o f snowmelt enhances infiltration which favors subsurface flow at the
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expense o f overland flow. Infiltration o f snowmelt causes the groundwater table to rise
and the resulting hydraulic gradient causes groundwater discharge into the creek flow.
Creek recharge by overland flow resulting from snowmelt seems quite minimal. The
effect o f meltwater is therefore suppressed by the limited appearance o f direct runoff
in the total discharge of the creek. Time series evaluation (Fig. 17) o f the creek, lakes
and the springs also shows that the springs are major contributors to the creek flow
during both high and low flow periods.
Having established the sources o f the creek, the major implication is that
pollution o f either the lakes or groundwater may lead to the pollution o f the creek
water.

Baker Creek
The isotopic composition o f the waters in the Baker Creek drainage
seemed quite unusual.

The mean isotopic composition o f the creek was generally

slightly more depleted than the groundwater (springs).

Such an unusual isotopic

composition of the creek may be the result o f the mixing o f different types of waters.
The difference between the mean 5D content o f Baker Creek baseflow and high flow
was 6°/oo. The mean 8D of the Baker Creek Springs and Baker Lake during both high
flow and low flow periods were within analytical error though the lake was slightly
enriched.
The isotopic composition o f Baker Creek does not show as clear a mixture
pattern as does Lehman Creek.

However, application o f the mass balance method

using the mean high flow isotopic composition of the creek, (8D = - lll° /o o ) , the
overall mean isotopic composition o f the creek (8D = -107°/oo) and the mean iso topic
composition o f winter snow (8D = -125°/oo) show that the creek water is made up of
about 20% o f precipitation.
The overall isotopic composition of the creek seems to suggest that the
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Figure 17: Plot of mean 8D compositions of Lehman Creek, Stella and Teresa Lakes
and Lehman Creeks Springs with time.
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creek consists of variable contributions o f relatively high altitude springs some of
which were not sampled during this study.

The residence time o f the contributing

springs might be a more important control on the isotopic composition o f the creek
runoff. The mean isotopic compositions o f the springs were not weighted since no
discharge measurements were taken during the study.

The isotopic composition o f

Baker Creek however, integrates that o f all the input (springs and lakes) from the
different elevations weighted by their respective flows.

The isotopic difference

between the creek and the springs may result from different rates of recharge from the
springs that were sampled and those that were not sampled for this study. In such a
glaciated terrain, temporary ponds created by runoff from snowmelt lead to transient
interactions between groundwater and surface ponds.

Such temporary ponds are

exposed to evaporation resulting in the enrichment o f their isotopic composition. The
recharge o f shallow groundwater by such waters will lead to an enriched isotopic
composition o f the groundwater which explains the observed isotopic difference
between the creek and shallow groundwater.

Cave Springs Creek
The isotopic composition o f Cave Springs Creek indicates that the creek is
fed mainly by Cave Springs.

The isotopic compositions during high flow period

however, indicate that the creek received some contribution from overland flow of
meltwater. As in the case o f Lehman Creek, displaced groundwater is the dominant
recharge source for the creek during both low and high flow periods.

Lake Systematics
Lakes may be grouped into three simple systems; open, closed and
partially closed systems. A completely closed lake has an inflow but no outflow. This
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type o f lake may also be considered a constant head closed system if w ater loss is
balanced by inflow.

Such a system requires that all water entering the lake be

discharged by evaporation. Evaporation o f the lake water yields vapor that is depleted
in deuterium (D) and oxygen-18 (lsO) relative to the lake water and, to a point when
steady, has the same stable isotopic ratio o f that of the inflow water (Ingraham et al.,
1990). If the inflow ceases and evaporation conditions remain constant over a long
period the lake will dry up. In such a state, the lake is referred to as a desiccating lake.
The stable isotopic ratio at which the lake (constant head closed lake) water will
stabilize is independent o f the initial isotopic composition o f the lake water (Gat,
1981) but is fixed by the 8 value o f the continuous inflow, the ambient humidity, and
the isotopic composition o f atmospheric vapor as well as the isotopic separation factor
which depends on temperature, humidity and the conditions at the interface through the
effects o f the kinetic fractionation factor. Since the inflow and evaporation rate o f a
natural lake will vary seasonally, so too will the stable isotopic ratios.
The isotopic composition o f a completely closed lake varies by season.
These lakes generally peak during the summer months in response to the period of
high evaporation rate as shown in Figure 18, and reach the minimum during the winter
when evaporation rate is low and precipitation is high.
A completely open lake must have both surface inflow and outflow which
usually results in a minimal residence time for the lake water. Such a lake is assumed
to be at a hydrologic and isotopic steady state and the enrichment o f heavy isotopes in
the lake water is reduced in proportion to the weight o f the non-fractionating outflow
rate relative to evaporation (Gat, 1981). A plot o f the isotopic composition o f an ideal
end-member open lake where the non-fractionating outflow is much greater than the
evaporation rate with time is constant as illustrated in Figure 18.
A partially closed lake as defined for this study has surface outflow during
part o f the year, and no outflow during the rest o f the year. The time-series data o f a
partially closed lake plot in-between that o f the open and closed lakes depending on
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the degree o f closure and the seasonality of the inflow.
In Great Basin National Park, only two lakes, Brown and Johnson
approach the definitions of the two end-member systems described above.

Brown

Lake has no outflow and is thus considered closed, while Johnson Lake has both
continuous inflow springs and an outflow and is thus open. Baker and Stella Lakes
have outflows during high flow periods and are considered partially closed.

Teresa

Lake has an inflow spring and an ephemeral outflow stream and is considered a
partially closed lake as well.
All the lakes are freshwater lakes and, except for Johnson Lake, are all
shallow (less than 5 meters deep). Johnson Lake is a cirque lake. The others are all
glacial lakes confined by sequences o f end and lateral moraines.

Their elevations

range from 3121 to 3292 meters and are mostly fed by snowmelt, rainfall, springs (in
some cases) and possibly deep groundwater.

Isotopic Behavior of the Lakes
One o f the main objectives of the study was to determine the isotopic
behavior o f the lakes in Great Basin National Park. The plotting o f a majority of the
lakes’ data close to the MWL and the general trend o f isotopic enrichment by
evaporation observed in Figure 9 indicate that the lakes evolved from a single source
type. Open water evaporation has however produced a marked non-reversible effect in
the 8D - 5 180 relation (except by dilution) and effectively labeled the lakes. Changes
in relative humidity, temperature, mean residence time of water in the lake, and the
intensity and direction o f the wind
compositions o f the particular lakes.

could be major factors controlling the isotopic
The isotopic composition o f the lakes seems

quite dependent on the evaporation-inflow ratio for the particular lake.

In the

following section the isotopic behavior developed for open, closed and partially closed
lakes is applied to the data of the lakes sampled in Great Basin National Park.
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Closed System
Brown Lake most represents a closed system. In such a lake, unless the
inflow rate is exactly and continuously balanced by evaporation, it will undergo
fluctuations in its volume in response to changes in inflow rate and the intensity of
evaporation. The most important factor controlling the change in isotopic composition
o f the lake is the ratio o f inflow water to evaporation.

The maximum 8 values

observed in Brown Lake were +5.6°/oo for oxygen-18 and -20°/oo for deuterium.
During the study period, an experiment was conducted on the lake by
fetching water in a bucket and placing it near the lake for a three-week period during
the summer. Analysis o f samples from the bucket gave values o f +0.1 and -35°/oo
respectively in 5180 and 8D, an enrichment o f 2.1 and 8°/oo in oxygen-18 and
deuterium respectively over the lake water sample collected that month. Nevertheless
the isotopic compositions of both the lake water and the water in the bucket plotted on
an evaporation line of gradient 4.6. If the lake water were allowed to evaporate
continuously under similar conditions, its isotopic composition would approach that of
the water in the bucket or further enriched as observed the previous summer.
Gonfiantini

(1986)

suggested

that any

inland

surface

water body

undergoing

evaporation becomes isotopically enriched in heavy isotopes o f water relative to input
source as a result of the lower vapor pressures and diffusivities o f the heavy species
H 2180 and HDO. The water in the bucket does not behave as a large water body;
short duration changes o f evaporation conditions affected the isotopic composition of
the water in the bucket more significantly than the lake water due to its comparatively
smaller volume and higher temperature.
Craig et al. (1963) observed that the evaporation o f an isolated w ater body
is characterized by a rapid molecular exchange with the atmosphere, so that the water
body comes to an isotopic stationary state long before the total mass o f liquid has
evaporated away. This is only true at humidities greater than 50%. Thus assuming
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the evaporation and recharge conditions remain unchanged,
enrichment of the lake water may be approached.

a limiting isotopic

Limiting 8D values of 0.0 and

+160°/oo were obtained using equations by Gonfiantini (1986) (Appendix 5) and Gat
and Bowser (1991) (Appendix 6) respectively.

In addition a 8D value o f about

-50°/oo was obtained from a laboratory experiment simulating actual conditions
performed to determine the maximum isotopic composition o f an evaporating water
body.
The apparently great differences in 8D values are recognized. The very
high value obtained by the Gat and Bowser (1991) method stems from the fact that
their equations consider a coupled series o f evaporated systems which are not isolated
and are limited by the feedback of atmospheric moisture. In addition to the hydrologic
setting o f the evaporating process, the isotopic enrichment in such a system is
controlled by the humidity.

Thus the heavy isotopic enrichment o f a single

evaporation element is an amplification of the heavy isotope enrichment in a series of
evaporative elements.

For an isolated evaporating system like Brown Lake, the

humidity and the isotopic composition of the atmospheric vapor are fixed by the
meteorologic situation. The method o f Gat and Bowser (1991) is therefore not suitable
in predicting the maximum isotopic composition o f such a lake.
The method used by Gonfiantini (1986) considers a drying w ater body
without inflow and outflow and from which water is removed only by evaporation.
The equations describe the variation o f the isotopic composition o f an evaporating
water body as the residual liquid fraction decreases and uses the ambient meteorogical
data to calculate the isotopic composition that a water reaches in its final evaporation
stages when the remaining fraction approaches zero. During the summer evaporation
rate of Brown Lake is very high, inflow to the lake is almost negligible and the lake
reduces considerably in volume. The method therefore gives a fair approximation of
the maximum value o f heavy isotope enrichment o f the lake.
The maximum value of the isotopic enrichment could not be obtained from
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the laboratory experiment at the simulated low relative humidity o f between 30 and
35% without maintaining a constant head system.

The closed system was as such

redefined as a constant head lake in which the loss by evaporation is balanced by
inflow. Lakes without inflow cannot survive in nature however, the evolution o f thenstable isotopic composition is informative.

With a vapor o f relative humidity o f about

33% and a 8D o f -170°/oo and liquid inflow o f 8D o f -115°/oo, the constant head
closed lake stabilized at about -50°/oo. Thus the limiting isotopic composition that
Brown Lake and, as such any water body in the park can attain may be between 0.0
(Gonfiantini (1986) method) and -50°/oo in 8D. From the equations (Appendices 5 and
6), the calculated values are independent of the initial isotopic composition of the
water.

Thus waters with different initial isotopic compositions tend to the same 8

values when inflow balances evaporation, a fact that shows that the stable isotopic
composition o f vapor controls the slope of the 8D - 8 180

relationship.

This

phenomenon was also observed in the ‘bucket experiment’ conducted during this
study.
The evaporation line on which Brown Lake water samples lie on the 8D 8 180 plot (Fig. 9) can also be considered as a mixing line along which the lake water
fluctuates. The 8D of the lake water (between -100 and -20 °/oo) fluctuates between
the two end members (-129°/oo for snow and the theoretically derived value of 0.0°/oo
for 8D) being dominated by evaporation and enriched summer rains during the summer
and becoming closer to that of groundwater during winter snowpack.

Ideally, as a

closed lake, the maximum 8D value in the summer should approach that o f the
maximum value attainable in the basin. The fact that Brown Lake does not attain the
maximum isotopic enrichment o f 0.0°/oo determined by the Gonfiantini (1986) method
indicates that either the summer periods are not long enough or that the lake receives a
contribution of relatively depleted shallow groundwater during certain times o f the
year. On the other hand, if the maximum 8D attainable in the park is about -50°/oo as
obtained from the laboratory experiment, the maximum 8D value o f -20°/oo obtained
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for Brown Lake indicates that it is a desiccating lake. A desiccating lake will continue
to become more and more enriched at humidities o f less than 50% and will
theoretically dry up before reaching an isotopically steady state.

Open System
Johnson Lake most represents an open system. Continuous recharge and
discharge of the lake controls the observed variations in the stable isotopic composition
of the lake more so than evaporation. Depending on the quantitative importance o f the
outflow, the isotopic composition o f such a lake which is open to both inflow and
outflow is fairly constant and the lake can be treated as well-mixed.
The graph of the 8D values of Johnson Lake and the springs that feed it
(JLS) with time (Fig. 19) shows a slight enrichment in deuterium values o f the lake
over the springs. An average enrichment of 3°/oo in 8D o f lake water over the spring
water was observed. The spring water, the dominant source for the lake, is enriched by
evaporation. The apparently enriched nature of the lake water is due to the fact that
the isotopic composition of the inflowing spring water is gradually modified by
evaporation and exchange with the atmospheric moisture as the distance from the
springs increases towards the lake and in the lake.

Partially Closed System
Baker, Stella and Teresa Lakes represent partially closed systems. Surface
outflow from these lakes are cut off during the summer mainly a few weeks after the
spring snowmelt.

On average the inflow water becomes partitioned between runoff,

evaporation and probably infiltration. The maximum 8 values observed in these lakes
were -12.3 and -96°/oo in S180 and 8D respectively for Baker Lake, -5.1 and -64°/oo
respectively in S180 and 8D for Stella Lake and -11.7 and -91°/oo in 8180 and 8D
respectively for Teresa Lake. All these maximum 8 values were measured in the
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Figure 19: Plot o f 5D composition of Johnson and Teresa Lakes and their respective
inflow springs with time.
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summer.
The isotopic enrichment exhibited by each o f these lakes is a qualitative
measure o f the degree o f isotopic closure (or openness) o f the lake. The fact that
Stella Lake has no surface inflow source and was cut off from its outflow source,
Lehman Creek headwaters at LC1, made it behave more like a closed lake. The lake
thus underwent isotopic enrichment along an evaporation line similar to the line
identified by Brown Lake, a completely closed lake. The end point o f the evaporation
line corresponds to the case without surface outflow. The initial point corresponds to
the case of commensurately less evaporation when the outflow is continuous and the
lake water appears as inflow water to Lehman Creek.

The loss by outflow

overshadows evaporation during such times. Average differences o f 4.4 and 22°/oo in
8lsO and 8D respectively were observed between the head waters of Lehman Creek
and the lake water. Lehman Creek headwaters sampled at LC1 were quite depleted in
heavy isotopes. This indicates that there was not much discharge (both surface and
subsurface) from the lake to the creek relative to the other creek sources.
Baker Lake split into three separate pools at the peak of both summer
seasons spanning the study period. The lake water from the various pools was loosely
connected and as such was not well mixed during such periods and the isotopic
compositions of the various pools followed the trend o f an evaporating stream during
its flow. The enrichment in heavy isotopic composition increased from the upstream
pool o f the lake towards the outflow to Baker Creek at the downstream pool.

The

summer samples can thus be considered as representing different evaporation stages o f
the lake.

However, there was not much variation between the mean summer

composition (mean 5 180

= -13.6, mean 8D = -100°/oo) and the mean winter

composition (mean 5180 = 15.1, mean 5D = -107).
Since Baker Lake has no surface inflow aside o f precipitation and its
outflow to Baker Creek cuts off during certain times o f the year, it is expected that it
would exhibit an isotopic composition similar to that o f Stella Lake, appearing more
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closed.

While Stella Lake samples fall on an evaporation line o f gradient 4.6, Baker

Lake samples plot close to the MWL on a 8D - S180 graph (Fig. 9). Baker Lake
waters show minimal enrichments of 0.6 and 4°/oo respectively in S180 and 8D over
the headwaters o f Baker Creek at sample point BC1. During the summer, the mean
difference in isotopic compositions o f Baker Lake and Baker Creek headwaters are
within analytical error.

The lack o f isotopic enrichment o f Baker Lake

along

evaporation lines even inthe summer when the outflow cuts off and the similarity in
isotopic composition between the lake and the headwaters of the creek seems to
suggest that Baker Lake
appears to have a lot of

recharges Baker Creek through infiltration. Baker Lake
interaction with groundwater and thus behaves

more as an

open lake than a closed one.
Teresa Lake has an inflow spring. The outflow from the lake is supposed
to flow throughout the year. However, during the study period no continuous outflow
was observed even during the spring snowmelt season. Again no significant isotopic
enrichment of the lake water was observed. Minimal enrichments o f 0.9 and 4°/oo in
mean 5180 and 8D values respectively of the lake water over the inflow spring were
measured.

The inflow spring seems to buffer the lake water to a greater extent.

Teresa Lake data plotted in a cluster around the M W L on the 8D - 8 lsO graph (Fig.
9). The average isotopic composition of the lake showed minimal enrichments o f 1.3
and 7 °/oo in 8 lsO and 8D respectively over Lehman Creek water sampled at LC2.
The similarity in isotopic composition between Teresa Lake and Johnson Lake which
has continuous outflow (Fig. 19) shows the dominant role that groundwater seems to
play in the recharge o f both lakes.
The isotopic behavior exhibited by the various lakes shows that the lakes
undergo different degrees o f fractionation and isotopic enrichment. All the lakes lose
water through evaporation, and probably infiltration, an isotopically non-fractionating
mechanism.

The variations in isotopic compositions o f the lakes are very much

dependent on the degree o f openness or closure o f the particular lake. The openness
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or closure was under constant state o f change throughout the study period. The closed
lake underwent excessive evaporation characterized by rapid molecular exchange with
the atmosphere with its isotopic composition approaching the limiting values within the
park. Differences in the isotopic composition o f the partially closed lakes result from
differences in inflow contributions and the continuity o f the outflow components.

Time Series Evaluation of the Lakes
The isotopic enrichment and depletion o f the lakes follow a similar trend
like those o f the creeks. The most depleted compositions were observed during the
spring snowmelt in May and early June. The responsive nature o f the lakes to spring
snowmelt is explained by the fact that during the winter, the lakes were frozen and
covered with snow and ice; the May and June samples were as such a mixture o f lake
water and snowmelt in various proportions.

Evaporation-inflow and consequently

volume-inflow (residence time) ratios at these times proved to be more critical in
determining the isotopic compositions o f the lakes.
The time series plot seems to support the hypothesis in the previous
section that the lakes undergo different degrees of fractionations based on the
temperature o f the lake water, and on their isotopic enrichments depending on the
closure or openness o f the particular lake.

The closed lake (Brown Lake) showed

continual enrichment with time not observed in the other lakes. Its value during the
spring snowmelt was even comparable with the summer isotopic compositions o f some
o f the lakes. This shows the influence o f evaporation and kinetic effects in controlling
the isotopic compositions o f closed lakes. Except for Stella Lake which also showed a
greater enrichment during the summer months, there was not much difference between
the isotopic compositions o f the open and partially closed lakes.

Brown and Stella

Lakes respond more to evaporation in the summer than to the composition o f summer
rain; the other lakes do not respond as much. The partially closed lakes with surface
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inflows and the completely open lakes seemed to be buffered greatly throughout the
year by their inflow. The isotopic behavior of the lakes with time results from the
variations in inflow and outflow rates o f the lakes.

Groundwater Interaction with Lakes
To better understand the isotopic behavior of the lakes, it is imperative to
quantify the groundwater interaction with the lakes as suggested in the above
discussion. Groundwater inflow and outflow contributions to the hydrologic budget o f
a lake are difficult to quantify because aquifer heterogeneities cause complicated
patterns o f groundwater flow around lakes. Traditional estimates o f groundwater-lake
exchange are based on measurements from either flow nets, seepage meters or
extensive piezometer networks to derive accurate estimates. Lee and Cherry (1978)
described the use of simple devices for monitoring seepage through lake beds in
nearshore zones.

W inter (1976) used numerical model simulations to define the

principles o f the interaction of lakes and groundwater and evaluated the parameters
that control groundwater near lakes. Theoretical simulation was also used by McBride
and Pfannkuch (1975) to show that groundwater seepage into or out o f a lake tends to
be concentrated near the shore. Stephenson (1971) studied groundwater flow systems
in lake environments and showed that the hydrologic regime of a lake is strongly
influenced by the regional groundwater flow system. The groundwater relation to small
lakes in Minnesota was studied by Manson and others (1968) and Allred and others
(1971) by placing one or several wells near the lakes shores. These studies generally
showed a net loss o f lake water to groundwater.
To preserve the aesthetic nature and recreational value of lakes especially
in national parks, it is imperative to use a method which has minimal impact on their
immediate surroundings when trying to determine groundwater exchange with these
lakes. Stable isotope mass balance that integrates all the complexities in the flow field
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and accounts for all inflow and outflow gives a fairly accurate estimate o f groundwater
contribution to the hydrologic budget o f a lake.
Many authors (Dincer, 1968; Payne, 1976; Fontes et al., 1979; H ubner et
al., 1979; Gilath and Gonfiantini, 1983; Gonfiantini, 1986; Zuber, 1983; Krabbenhoft et
al., 1990 and Turner et al., 1984) have used the isotope techniques in studying the
mixing patterns o f lake waters and groundwater exchange with lakes.

Similar

techniques have been applied in GBNP to determine groundwater contribution to the
lakes in the park. The water balance o f Brown Lake was determined as an index lake
in the park area. Brown Lake was selected because it is a closed lake with no surface
inflow or outflow and so the parameters that need to be measured are simplified. Its
depth is less than 5 m and the surface area and volume are approximately 6.15 x 103
m2 and 3.08 x 104 m3 respectively.

Theory
The simplest and most accurate application o f the isotope mass balance
equations is for a system that can be assumed to be at isotopic and hydrologic steady
state (Krabbenhoft et al., 1990). In this case, short term variations in the parameters of
the mass balance equations are relatively unimportant since averaged long term values
determine the resultant isotopic composition of the lake.

The general water mass

balance and stable isotope balance o f a lake that can be considered uniform (steadystate) with respect to its isotopic composition during the time dt are given by:
dV/dt = G, + P + S, - G0 - E - S0 = 0

...la n d

d(V8L)/dt = G jSg . + P8p + Si8Si - G08 l - E8 e - S08L = 0

...2

where P, Gj and S; are precipitation, groundwater inflow and surface water inflow
rates, and 8P, 8G. and 8S. are the respective mean isotopic compositions expressed in
delta notation; G0, S0 and E are the groundwater outflow, surface water outflow and
the net evaporation rates, and 8L, 8E are the respective mean isotopic compositions.
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For an isotopically well mixed lake the mean isotopic composition o f the outflow
component is the same (i.e. 8outflow = 8L). V is the volume of water in the lake and t
is time. The terms on the right of equation (1) can be written in any set of consistent
units (L3/T) or (L/T) if changes in lake stage result in minor changes in lake surface
area.
Equating equations 1 and 2 and solving for Gj gives the equation
G, = [P(8l-8p) + SjCSl-Ss^ + E(8e-8l )]/ (8Gi-5L)

...3

All the terms in equation 3 are directly measurable except the isotopic composition o f
evaporated lake water, 8E. This is however evaluated theoretically using formulations
o f Craig and Gordon (1965) whose simplified relation is
8 e = (oc*8 l - h8a -e)/(l - h + 10“3Ae)

...4

where a * is the equilibrium isotope fractionation factor at the temperature o f the airwater interface, Ae is the diffusion controlled or kinetic fractionation factor expressed
in per mil, e = 1000(1 - a* ) + Ae is the total fractionation factor, h is the relative
humidity normalized to the temperature of the surface water, and 8a is the isotopic
content o f local atmospheric vapor. The kinetic fractionation factor Ae is only a
function o f relative humidity and may be calculated using the equation
Ae = K (l-h)

... 5

where K(D) = 12.5; a value determined from wind tunnel experiment (Gilath and
Gonfiantini, 1983).

Estimation of Groundwater Inflow and Outflow
From the above equations (equations 1 - 5), the environmental properties
required in the estimation o f groundwater exchange with the lake are relative humidity,
evaporation rate, precipitation and the mean isotopic composition of the local
atmospheric vapor.

A 3-year record o f daily humidity measurements at Burnt Mill

(less than 1 km southeast o f Brown Lake) at an elevation of 2646 m was used to
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calculate monthly values o f the kinetic fractionation factor o f the snow-free period
(May - October) using equation (5) (Table 5). Equilibrium fractionation factors were
calculated on a monthly basis using the relationship o f M ajoube (1971) (Appendix 7).
Average monthly 8D values for lake evaporate 8E, were calculated using kinetic and
equilibrium fractionation factors as well as monthly humidity data. The 8 values of
local atmospheric water vapor 8a assumed to be in equilibrium with the mean isotopic
content o f local precipitation were calculated using the various monthly equilibrium
fractionation factors for use in equation (4). There is no evaporation data available at
the Nevada State Climatologist’s office for Great Basin National Park. Evaporation
rates estimates were as such taken from Ruby Lake (about 100 km northwest o f Brown
Lake at an elevation of 1833 m) for which data exists as far back as 1950.
Evaporation rates for the snow-free period are estimated at this site using a Class A
pan. The 40-year monthly averages which were used in this study are shown in Table
3. Calculated monthly 8 values of lake evaporate 8E were weighted by the respective
monthly evaporation rates to determine an average annual value of 8E = -156°/oo for
use in equation (3). Monthly precipitation rates were estimated from a 3-year record
at Burnt Mill and a ten-year record o f equivalent water depths of snowpack. These
were used to derive an annual precipitation rate P. The monthly averages were used to
weight the average 8D values to determine an annual value 8P of precipitation. The
mean isotopic composition o f groundwater inflow 8G. was determined from the
monthly values o f the composition o f the upgradient springs during the sampling
period for use in equation (3). The mean values o f 8G., 8L, 8P and 8a that were used
for the calculations are -108, -70, -110, and -158 per mil respectively.
An annual inflow rate o f 177 cm/year was obtained using equation 3. This
apparently large inflow value supports the suspicion that Brown Lake is being
recharged by shallow groundwater in the park.

Since Brown Lake has no surface

inflows or outflows, groundwater outflow rate of 113 cm/year was calculated as the
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0.90349

6.25

102.8

-179

-100

-205

Jun

14.0

-100

0.91525

8.37

93.1

-180

-95

-176

Jul

21.0

-71

0.92247

9.00

86.5

-183

-77

-143

Aug

20.6

-63#

0.92208

8.5

86.4

-124

-46.5#

-136

Sep

15.0

-92#

0.91632

7.25

90.4

-101

-31.5#

-144

Oct

6.0

0.90621

7.62

101.4

-188

Nov

-

-

-

-

-

-

-

-

Dec

-

-

-

-

-

-

-

-

-129

-113

-102

-101

Table 5: Measured and calculated parameters used to determine groundwater
interaction with Brown Lake. All 8 values are in per mil.
# Average values for 1990 and 1991.

-203

-196
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residual in the hydrologic budget using average annual precipitation and evaporation
rates o f 61 and 119 cm /yr respectively. The values obtained for the groundwater input
and output show that Brown Lake has considerable interaction with groundwater and is
not a completely closed lake. The interaction with groundwater limits its attainm ent o f
the maximum isotopic composition possible in the basin. Based on these calculations,
an estimated residence time (T = V/O, where V is the volume o f the lake and O is the
outflow from the lake) of two years was obtained for the lake. Thus the lake w ater is
completely flushed out every two years.

Problems and Evaluation of the Isotope Mass Balance Method
The inherently conservative behavior o f isotopic tracers makes the isotopic
mass balance method unique and gives an averaged inflow rate over the mean
residence time o f the lake. The application o f the deuterium method in estimating
groundwater exchange with Brown Lake limits the influence of the kinetic separation
factor on the overall isotope enrichment factor e and identifies the different waters
used as input in equation (3).

From the calculation, the relative amount of

groundwater input is fairly large and should have a greater influence on the isotopic
composition of the lake water than was observed. It must be borne in mind however,
that the estimates are dependent on other factors.

The relative contribution o f

groundwater to surface water and vise versa at any location is controlled by the
permeability o f the aquifer. Inflow rates are more sensitive to varying recharge rates
and more seasonal variation than outflow. In the proximity of the lake, the lake water
may significantly contribute to the groundwater recharge, but further away, it may be
rapidly diluted by other sources of recharge.
The fluctuations in the isotopic composition o f the lake and the large
standard deviation o f the average annual deuterium composition of the lake 8L, used to
estimate the groundwater inflow indicates that the steady state assumption has serious
limitations.

The assumption of steady hydrological and isotopic state is seldom
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realized in nature. It is more often used in order to simplify calculations or as an
acceptable approximation (Eriksson, 1963; Nir, 1973). However, this approach seems
the most appropriate until a mean isotopic composition of a year-round sampling
program involving coring through the snow for lake water samples during the winter
has been established for monthly calculations. The lack o f consistency in the isotopic
composition o f the lake water indicates that either the lake receives water from more
than one source or is affected very much by evaporation. In such a semi-arid climate
with large evaporation rates (approximately 120 cm/yr) the fact that the lake has no
surface inflow and never dried up during the study period requires that a large
groundwater input aside o f precipitation should control the lake level. The difference
between the maximum 5D value o f the lake (-20°/oo) and the maximum 8D value
attainable in the basin (+0.03°/oo) is indicative of a large input o f relatively depleted
shallow groundwater.
M ost o f the uncertainty in the use o f the isotope mass balance method in
estimating the inflow is due to the uncertainties in the evaporation rate and the isotopic
composition o f the evaporate. Gonfiantini (1986) observed that the evaporation rate
evaluated with evaporation pans are usually higher (up to 30%) than in lakes and have
different isotopic ‘inertia’ with respect to lakes. As observed in the field evaporation
experiment during this study, short duration changes of evaporation conditions can
affect the isotopic composition of the pan water more than the lake water due to the
small volume o f water in the pan. The dependence o f the isotopic composition o f the
evaporate, 8E, on the moisture content o f the atmosphere and its isotopic composition
increases the error in the isotopic mass balance method.

Nevertheless, the isotopic

mass balance method seems the most appropriate when compared with other traditional
methods involving instrumentation.

Seepage meter measurements and flow nets are

too variable to use on a large scale since they give only short-term variations o f the
measured parameters; an extensive piezometer network also can be very expensive.
The isotope mass balance method gives an averaged long-term value o f inflow over the
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mean residence time of the water in the lake and reduces errors in the short-term
variations o f the parameters used. To preserve the aesthetic nature o f the lake and its
immediate surroundings, especially in a national park, the sampling technique
employed by the isotope mass balance method has minimal impact on the environment
and makes it most appropriate.
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CONCLUSION

The isotopic compositions o f precipitation, surface water and groundwater
showed that shallow groundwater (springs) in GBNP is recharged mainly by variable
amounts o f 1summer and winter precipitation. W inter snow is the dominant contributor
and makes up about 80% of groundwater recharge while summer rain contributes
about 20%. The variations in isotopic composition of groundwater are related to the
season o f recharging precipitation.

The variations in isotopic composition o f the

recharge water are due to variations in the nature o f local storms, terrestrial recycling
and the dominance o f continental and orographic effects on the isotopic processes in
the park.

Groundwater in the park is recharged continuously and can be used for

water supply purposes in the park. The yearly values may however vary. Discharge
measurements must be taken to determine the safe yield and the appropriate pumping
rates that can meet the park’s requirements.
The sources o f Lehman Creek water have been identified as shallow
groundwater, precipitation and lake water. The amount each source contributes varies
over time. During high flow period, the creek water is made up o f a mixture o f about
60% groundwater (spring), about 20% of direct snowmelt runoff and about 20% of
lake water (Stella and Teresa lakes). At low flow, the creek water consists mainly o f
shallow groundwater (about 90%) and about 10% lake w ater (Stella and Teresa Lakes).
Isotopic evidence therefore shows that the main component o f the creek flow is
displaced groundwater and not direct rainfall or snowmelt as speculated by Hood and
Rush (1965).

Much o f the snowmelt runoff apparently reaches the channel via a

subsurface flow system that develops in the near surface glacial deposits and the
fractured carbonate rocks. The increase in the lakes’ contribution to the creek at high
flow is mainly due to the mixture of the lake water and melted snow which
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accumulates over the lake during the winter.
Baker Creek is continuously slightly more enriched compared to Lehman
Creek. However, both creeks seem to be largely recharged by groundwater and some
percentages o f direct snowmelt runoff and lake water. The exact percentage inputs
could not be determined for Baker Creek because its isotopic composition seem to be
controlled by some of the springs that were not sampled for this study.
Three different types of lake systems were identified in the park. These
are, open lakes which have both inflow and outflow, closed lakes which have inflow
but no outflow, and partially closed lakes which have outflows during part o f the year
and no outflow the rest of the year. The closed lake and some of the partially closed
lakes experience substantial seasonal increase in heavy isotope concentration which is
caused by continued evaporation. This has enabled both theoretical and experimental
determination o f the limiting isotopic composition attainable in the park by any o f the
various water bodies.

For the theoretical and experimental study, the closed lake

system was redefined as a constant head lake, which is quite descriptive since the loss
by evaporation is balanced by inflow. However, several researchers have also modeled
desiccating lakes which have no inflow or outflow. The limiting isotopic composition
of the constant head lake was determined by laboratory experiments as being some
200°/oo and about 50°/oo more depleted than that of the desiccating lake calculated
theoretically using equations derived by Gat and Bowser (1991) and Gonfiantini (1986)
respectively. The differences in values do suggest two kinds o f closed lakes (one with
constant head and the other desiccating) which behave isotopically differently.
The isotopic contents of the lakes show the dependency on the surface
inflow and outflow sources in modifying their (lakes’) isotopic composition.

The

variation in isotopic composition o f a lake in the park is a qualitative measure o f the
degree of closure or openness o f the particular lake.
Environmental isotope evidence has been successful in elucidating the
water mass balance o f Brown Lake in GBNP. Groundwater exchange with Brown
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Lake is estimated by the isotopic mass balance method to be about 70% (177 cm/yr)
o f the total annual inflow and about 50% (113 cm/yr) o f the total annual outflow. This
implies that groundwater plays a greater role in maintaining the lake’s water level and
also modifying the isotopic composition o f the lake.

The study has described the

overall pattern of groundwater exchange with a small lake.

The large estimated

groundwater input compensates for the high evaporation rate experienced by the lake
and thus limiting the attainment o f the theoretically derived maximum isotopic
composition o f 0.0°/oo.

The maximum isotopic composition o f -20°/oo observed in

Brown Lake and the value o f -46°/oo obtained by the laboratory experiment however,
suggest that Brown Lake is desiccating during the summer period and thus do
contradict the large volume o f groundwater input obtained by the calculation. The fact
that Brown Lake never dried up during the study period however, suggests that the
lake has a lot of interaction with groundwater and is not a completely closed lake.
Although the water balance estimation has been limited to a single
hydrologically closed lake (Brown) and only 13 months o f data, it provides the only
water balance information for an alpine lake in GBNP. It is possible to study such a
single lake intensively and treat it as an index lake so that the groundwater
components of the other nearby lakes can be estimated with far less effort. Improved
knowledge of the hydrology o f GBNP should provide a foundation for evaluating the
changes in alpine lake stages. However, since this method is subject to uncertainties, it
should be complemented with some other classical methods o f lake study to provide a
technique in studying groundwater-lake systems in the park.
The stable isotope method used in this study seems to be a very promising
tool in obtaining water resources information in a relatively short time in an area
where hydrologic data are very scarce. The study has given an understanding o f the
recharge and mixing mechanisms of water bodies in GBNP.
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RECOMMENDATIONS

The stable isotope method has undoubtedly produced very satisfactory
results for this study.

It has however, raised certain questions that need to be

addressed in any future study in the park. A relatively longer and continuous sampling
of precipitation is recommended to enable a better determination o f the amount of
recharge to the groundwater during both winter and summer seasons.

Such long

sampling and precipitation measurements coupled with evaporation measurements in
the park will also help in understanding the isotopic processes occurring in the park
and the immediate surroundings.
The seemingly large values obtained for the groundwater input and output
into Brown Lake suggest that some components o f the balance equation require greater
effort in measuring than was possible during this study.

Direct sampling of

atmospheric vapor would have provided a solid basis for evaluating errors in other
components.

In future studies o f this type, atmospheric vapor upwind o f the lake

should be sampled for isotopic analysis.

Snow covered lakes should be cored to

collect representative lake water samples in winter.
A small piezometer network both upgradient and downgradient in the
immediate vicinity o f the lake should be established to sample both shallow and deep
groundwater.

Monthly water level measurements in the piezometers and discharge

measurements will also help to determine groundwater fluctuations in the park and
serve as a control in estimating the monthly groundwater-lake exchanges during both
summer and winter. The use of tritium is highly recommended to determine the
relative age of water in the park and also help in flow path delineation. Additional use
o f gross chemistry will help characterize the various water bodies.
The discrepancy in the values of the maximum isotopic composition o f an
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evaporating lake water obtained by the two theoretical equations and the laboratory
experiment suggests that considerable work is required to fully understand lake
systematics.

The isotopic behavior of closed lakes (those with constant head and

desiccating ones) should be investigated both in the field and in the laboratory. This
will undoubtedly help in the understanding of lake hydrology and enhance our ability
in evaluating lake problems and the effect of management projects.
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APPENDICES

APPENDIX 1

Precipitation Samples
Sample #

Location

Type

Date

5 180

8D

Elevation (m)

GBNP1

GBNPHQ

Rain

8/90

-7.4

-61

2073

WCP1

Wheeler Peak CG

Rain

9/90

-15.4

-112

2987

BJP1

Baker Lake

Rain

6/91

-14.8

-117

3255

BJP2

Baker Lake

Rain

6/91

-14.6

-114

3255

SLP1

Stella Lake

Rain

7/91

-11.2

-80

3170

BLP1

Brown Lake

Rain

7/91

-9.6

-71

3225

BJP3

Baker Lake

Rain

7/91

-90

3255

BLP2

Brown Lake

Rain

9/91

10.4

-65

3225

BJP4

Baker Lake

Rain

9/91

-9.9

-62

3255

SLP2

Stella Lake

Rain

9/91

-10.8

-69

3170

BLP4

Brown Lake

Rain

9/91

-10.9

-71

3225

BJP4

Baker Lake

Rain

9/91

-11.2

-67

3255

SLP3

Stella Lake

Rain

9/91

-11.6

-73

3170

TLSN1

Teresa Lake

Snow

10/90

-16.9

-120

3200

LCSN1

Lehman Ck Spring 1

Snow

10/90

-14.1

-113

2767

JLSN1

Johnson Lake

Snow

10/90

-15.8

-112

3275

BKLS1

Baker Lake

Snow

10/90

-16.1

-114

3240

BLSN1

Brown Lake

Snow

10/90

-16.1

-111

3225

SLSN1

Stella Lake

Snow

1/91

-17.0

-118

3170

SLSN2

Stella Lake

Snow

1/91

-18.4

-129

3170

WCSN1

Wheeler Peak CG

Snow

1/91

-15.6

-120

2987

SLSN3

Stella Lake

Snow

1/91

-17.3

-129

3170

WCSN2

Wheeler Peak CG

Snow

1/91

-15.6

-116

2987

SLSN4

Stella Lake

Snow

1/91

-17.9

-125

3170

WCSN3

Wheeler Peak CG

Snow

1/91

-15.0

-112

2987

BKLS2

Baker Lake

Snow

5/91

-16.8

-125

3255

BLSN2

Brown Lake

Snow

5/91

-17.8

-128

3225

LCSN2

Lehman Ck Spring 1

Snow

5/91

-16.2

-122

2767

-11

APPENDIX 2

Creek Samples
Sample #

Location

Date

S 180

5D

T°C

EC

Elevation (m)

LC1

Lehman Ck

8/90

-15.1

-109

8.8

31

3084

LC1

Lehman Creek

9/90

-15.6

-110

7.0

30

3084

LC1

Lehman Creek

10/90

-15.6

-114

4.6

25

3084

LC1

Lehman Creek

1/91

-15.5

-114

1.0

8

3084

LC1

Lehman Creek

6/91

-15.3

-113

3.0

23

3084

LC1

Lehman Creek

7/91

-15.1

-111

6.0

29

3084

LC1

Lehman Creek

8/91

-15.3

-111

7.0

36

3084

LC1

Lehman Creek

9/91

-15.4

-113

5.0

28

3084

LC2

Lehman Creek

8/90

-15.3

-106

8.0

16

2926

LC2

Lehman Creek

9/90

-14.6

-101

6.0

25

2926

LC2

Lehman Creek

10/90

-15.2

-109

5.0

14

2926

LC2

Lehman Creek

1/91

-15.5

-114

2.0

12

2926

LC2

Lehman Creek

6/91

-15.1

-112

3.0

21

2926

LC2

Lehman Creek

7/91

-15.2

-111

7.0

29

2926

LC2

Lehman Creek

8/91

-15.3

-111

8.0

18

2926

LC2

Lehman Creek

9/91

-15.1

-111

7.0

32

2926

LC3

Lehman Creek

8/90

-15.1

-107

8.5

18

2225

LC3

Lehman Creek

9/90

-15.1

-107

-

-

2225

LC3

Lehman Creek

10/90

-15.5

-110

7.0

18

2225

LC3

Lehman Creek

1/91

-15.6

-114

0.0

22

2225

LC3

Lehman Creek

5/91

-15.2

-112

5.0

27

2225

LC3

Lehman Creek

6/91

-15.1

-112

7.0

23

2225

LC3

Lehman Creek

7/91

-15.3

-109

10.0

21

2225

LC3

Lehman Creek

8/91

-15.2

-109

6.0

24

2225

LC3

Lehman Creek

9/91

-14.7

-105

6.0

22

2225

BC1

Baker Creek

8/90

-13.9

-102

8.0

9

3060

BC1

Baker Creek

10/90

-15.0

-106

7.0

9

3060

BC1

Baker Creek

5/91

-15.5

-112

1.0

11

3060

Appendix 2 continued
Sample #

Location

Date

5 180

8D

T°C

EC

Elevation (m)

BC1

Baker Creek

6/91

-15.3

-110

0.0

8

3060

BC1

Baker Creek

7/91

-14.7

-109

4.0

8

3060

BC1

Baker Creek

8/91

-13.9

-104

5.0

12

3060

BC1

Baker Creek

9/91

-13.9

-101

5.0

11

3060

BC2

Baker Creek

8/90

-14.6

-106

5.0

11

2682

BC2

Baker Creek

5/91

-15.4

-112

1.5

13

2682

BC2

Baker Creek

6/91

-14.9

-112

2.0

11

2682

BC2

Baker Creek

7/91

-15.1

-110

4.0

13

2682

BC2

Baker Creek

8/91

-14.8

-106

4.0

14

2682

BC2

Baker Creek

9/91

-14.5

-104

8.0

13

2682

BC3

Baker Creek

8/90

-14.9

-105

10.0

22

2438

BC3

Baker Creek

9/90

-14.5

-103

11.0

15

2438

BC3

Baker Creek

10/90

-14.9

-108

-

15

2438

BC3

Baker Creek

1/91

-15.2

-106

0.0

20

2438

BC3

Baker Creek

5/91

-15.3

-110

3.0

19

2438

BC3

Baker Creek

6/91

-15.4

-111

3.0

16

2438

BC3

Baker Creek

7/91

-15.1

-108

5.0

19

2438

BC3

Baker Creek

8/91

-15.0

-109

8.0

24

2438

BC3

Baker Creek

9/91

-14.6

-104

3.0

20

2438

CSC

Cave Sp Creek

8/90

-15.5

-114

15.8

96

2158

CSC

Cave Sp Creek

9/90

-15.3

-110

-

-

2158

CSC

Cave Sp Creek

10/90

-15.8

-117

10.0

81

2158

CSC

Cave Sp Creek

1/91

-15.3

-118

1.0

60

2158

CSC

Cave Sp Creek

5/91

-15.9

-119

6.0

70

2158

CSC

Cave Sp Creek

6/91

-15.5

-119

10.0

94

2158

CSC

Cave Sp Creek

7/91

-15.6

-115

11.0

103

2158

CSC

Cave Sp Creek

8/91

-15.7

-116

12.0

109

2158

CSC

Cave Sp Creek

9/91

-15.8

-115

11.0

101

2158

APPENDIX 3

Lake Samples
Sample

Date

S180

8D

T °C

EC

Elevation (m)

Baker Lake 1

8/90

-14.3

-101

16.2

12

3240

Baker Lake 2

8/90

-13.4

-98

17.3

15

3240

Baker Lake 3

8/90

-13.5

-94

19.0

12

3240

Baker Lake 1

9/90

-13.9

-100

10.0

15

3240

Baker Lake 2

9/90

-12.3

-96

10.5

17

3240

Baker Lake 3

9/90

-12.3

-96

11.5

13

3240

Baker Lake 1

10/90

-14.8

-101

6.0

10

3240

Baker Lake 2

10/90

-15.0

-108

6.0

12

3240

Baker Lake 3

10/90

-14.3

-102

6.0

12

3240

Baker Lake

5/91

-15.5

-113

0.0

11

3240

Baker Lake

5/91

-15.8

-114

0.0

11

3240

Baker Lake

6/91

-15.1

-111

8.0

11

3240

Baker Lake

7/91

-14.3

-105

12.0

13

3240

Baker Lake 1

8/91

-14.0

-102

8.0

14

3240

Baker Lake 2

8/91

-13.0

-99

8.0

14

3240

Baker Lake 3

8/91

-12.8

-96

8.0

14

3240

Baker Lake 1

9/91

-13.8

-100

11.0

13

3240

Baker Lake 2

9/91

-13.7

-102

12.0

13

3240

Brown Lake

8/90

-0.6

-46

20.6

23

3225

Brown Lake

9/90

5.6

-20

15.0

30

3225

Brown Lake

10/90

-5.7

-54

6.0

9

3225

Brown Lake

5/91

-12.6

-100

2.0

13

3225

Brown Lake

6/91

-11.5

-95

14.0

16

3225

Brown Lake

7/91

-7.5

-77

21.0

21

3225

Brown Lake

8/91

-1.6

-47

10.0

24

3225

Brown Lake

9/91

-2.0

-43

15.0

17

3225

Brown Lake*

9/91

0.1

-35

16.0

67

3225

Appendix 3 continued
Date

5 180

8D

T °C

EC

Elevation (m)

Johnson Lake

9/90

-11.7

-94

11.0

34

3275

Johnson Lake

10/90

-10.7

-99

8.0

21

3275

Johnson Lake

5/91

-15.3

-112

0.0

16

3275

Johnson Lake

6/91

-15.1

-111

7.0

16

3275

Johnson Lake

7/91

-14.3

-105

8.0

19

3275

Johnson Lake

9/91

-12.9

-98

9.0

26

3275

Johnson Lake#

9/91

-12.7

-96

-

-

3275

Stella Lake

8/90

-9.3

-82

13.4

26

3165

Stella Lake

9/90

-5.1

-64

13.1

28

3165

Stella Lake

10/90

-13.6

-101

5.7

14

3165

Stella Lake

5/91

-14.6

-110

4.0

13

3165

Stella Lake

6/91

-14.4

-108

7.0

21

3165

Stella Lake

7/91

-13.4

-101

14.0

23

3165

Stella Lake

8/91

-9.3

-79

11.0

30

3165

Stella Lake

9/91

-8.6

-77

14.0

25

3165

Teresa Lake

8/90

-13.6

-97

18.0

18

3200

Teresa Lake

9/90

-11.7

-91

11.0

12

3200

Teresa Lake

10/90

-13.3

-97

6.0

5

3200

Teresa Lake

5/91

-15.2

-114

5.0

9

3200

Teresa Lake

6/91

-15.1

-113

5.0

11

3200

Teresa Lake

7/91

-15.1

-108

10.0

13

3200

Teresa Lake

8/91

-13.9

-99

10.0

14

3200

Teresa Lake

9/91

-13.7

-95

12.0

17

3200

Sample

* Sample was collected from a bucketful of lake water fetched for an ‘evaporation experiment’.
# Sample was collected from deeper part of lake (hypolimnion).

APPENDIX 4

Shallow Groundwater Samples (Springs)
Location

Date

8 180

8D

T°C

EC

Elevation (m)

TLS

Teresa Lake

8/90

-14.8

-104

17.0

9

3206

TLS

Teresa Lake

9/90

-14.7

-103

3.3

10

3206

TLS

Teresa Lake

10/90

-15.0

-106

6.0

5

3206

TLS

Teresa Lake

6/91

-15.4

-112

1.0

10

3206

TLS

Teresa Lake

7/91

-14.9

-107

6.0

10

3206

TLS

Teresa Lake

8/91

-14.7

-105

1.0

12

3206

TLS

Teresa Lake

9/91

-14.3

-102

12.0

17

3206

JLS1

Johnson Lake

9/90

-13.9

-100

8.5

39

3279

JLS2

Johnson Lake

9/90

-12.3

-96

8.0

30

3279

JLS

Johnson Lake

10/90

-15.3

-110

7.0

29

3279

JLS

Johnson Lake

6/91

-15.4

-109

1.0

16

3279

JLS

Johnson Lake

7/91

-15.3

-111

5.0

21

3279

JLS

Johnson Lake

8/91

-14.9

-108

5.0

34

3279

JLS

Johnson Lake

9/91

-15.2

-109

1.0

31

3279

LCS1

Lehman Creek

8/90

-15.6

-113

10.2

34

2767

LCS1

Lehman Creek

9/90

-15.8

-110

11.0

118

2767

LCS1

Lehman Creek

10/90

-15.1

-114

2.0

31

2767

LCS1

Lehman Creek

1/91

-15.8

-110

0.0

40

2767

LCS1

Lehman Creek

5/91

-15.3

-113

2.0

38

2767

LCS1

Lehman Creek

6/91

-15.3

-115

6.0

5

2767

LCS1

Lehman Creek

7/91

-15.5

-114

7.0

42

2767

LCS1

Lehman Creek

8/91

-15.6

-114

7.0

54

2767

LCS1

Lehman Creek

9/91

-15.5

-115

6.0

51

2767

LCS2

Lehman Creek

8/90

-15.5

-111

10.4

35

3109

LCS2

Lehman Creek

9/90

-15.7

-112

8.0

25

3109

LCS2

Lehman Creek

1/91

-15.9

-115

0.0

5

3109

LCS2

Lehman Creek

6/91

-15.9

-115

4.0

34

3109

LCS2

Lehman Creek

7/91

-15.9

-113

5.0

31

3109

Sample

Appendix 4 continued
Location

Date

5 180

8D

T°C

EC

Elevation (m)

LCS2

Lehman Creek

8/91

-15.7

-113

5.0

42

3109

LCS2

Lehman Creek

9/91

-15.7

-115

5.0

35

3109

LCS3

Lehman Creek

8/90

-15.8

-111

5.8

28

3133

LCS3

Lehman Creek

9/90

-15.9

-113

7.5

35

3133

LCS3

Lehman Creek

6/91

-15.7

-114

3.0

34

3133

LCS3

Lehman Creek

7/91

-15.7

-115

4.0

37

3133

LCS3

Lehman Creek

8/91

-15.7

-113

4.0

42

3133

LCS3

Lehman Creek

9/91

-15.9

-114

5.0

42

3133

LCS4

Lehman Creek

8/90

-14.9

-105

5.5

27

3158

LCS4

Lehman Creek

9/90

-15.0

-108

6.0

30

3158

LCS4

Lehman Creek

10/90

-15.2

-109

2.0

23

3158

LCS4

Lehman Creek

6/91

-15.2

-110

2.0

21

3158

LCS4

Lehman Creek

7/91

-15.3

-113

4.0

23

3158

BCS1

Baker Creek

8/90

-14.4

-106

4.0

8

2841

BCS1

Baker Creek

9/90

-14.0

-105

4.0

10

2841

BCS1

Baker Creek

10/90

-14.6

-106

4.0

11

2841

BCS1

Baker Creek

5/91

-15.1

-111

2.0

11

2841

BCS1

Baker Creek

6/91

-14.6

-111

3.0

16

2841

BCS1

Baker Creek

7/91

-14.6

-106

3.0

16

2841

BCS1

Baker Creek

8/91

-14.6

-103

4.0

18

2841

BCS1

Baker Creek

9/91

-14.3

-102

3.0

17

2841

BCS2

Baker Creek

8/90

-13.4

-93

3.5

11

2841

BCS2

Baker Creek

9/90

-14.5

-101

2.3

10

2841

BCS2

Baker Creek

10/90

-14.6

-104

4.0

9

2841

BCS2

Baker Creek

6/91

-15.7

-112

3.0

11

2841

BCS2

Baker Creek

8/91

-15.0

-105

1.0

24

2841

BCS2

Baker Creek

9/91

-14.1

-99

3.0

11

2841

BCS3

Baker Creek

8/90

-15.4

-108

6.0

8

2871

BCS3

Baker Creek

9/90

-14.8

-104

6.0

12

2871

BCS3

Baker Creek

10/90

-15.5

-110

3.0

9

2871

BCS3

Baker Creek

6/91

-15.3

-113

2.0

11

2871

Sample

Appendix 4 continued
Sample

Location

Date

5 180

8D

T°C

EC

Elevation (m)

BCS3

Baker Creek

7/91

-15.2

-112

3.0

11

2871

BCS3

Baker Creek

8/91

-15.2

-108

4.0

12

2871

BCS3

Baker Creek

9/91

-14.6

-102

1.0

12

2871

BCS4

Baker Creek

9/90

-13.3

-90

2.3

18

3255

BCS4

Baker Creek

10/90

-13.2

-88

2.0

17

3255

BCS4

Baker Creek

5/91

-15.5

-108

0.0

22

3255

BCS4

Baker Creek

6/91

-14.4

-105

1.0

13

3255

BCS4

Baker Creek

7/91

-14.1

-103

1.0

13

3255

BCS4

Baker Creek

8/91

-13.6

-96

1.5

22

3255

BCS4

Baker Creek

9/91

-13.1

-90

0.0

17

3255

CS1

Cave Spring 1

8/90

-15.7

-115

13.7

89

2220

CS1

Cave Spring 1

9/90

-15.8

-116

11.0

89

2220

CS1

Cave Spring 1

10/90

-15.9

-119

8.5

72

2220

CS1

Cave Spring 1

1/91

-15.6

-119

4.0

68

2220

CS1

Cave Spring 1

5/91

-16.4

-118

6.0

73

2220

CS1

Cave Spring 1

6/91

-15.8

-116

8.0

101

2220

CS1

Cave Spring 1

7/91

-15.5

-118

8.0

94

2220

CS1

Cave Spring 1

8/91

-15.0

-105

9.0

115

2220

CS1

Cave Spring 1

9/91

-16.0

-118

8.0

96

2220

CS2

Cave Spring2

8/90

-15.4

-116

11.0

82

2220

CS2

Cave Spring2

9/90

-14.3

-106

10.0

79

2220

CS2

Cave Spring2

10/90

-15.8

-116

10.5

77

2220

CS2

Cave Spring2

5/91

-15.2

-117

7.0

92

2220

CS3

Cave Spring3

8/91

-15.8

-117

11.0

108

2220

CS3

Cave Spring3

9/91

-16.0

-118

10.0

96

2220
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APPENDIX 5
Gonfiantini’s (1986) method
The variation of the isotopic composition of an evaporating water body as the residual
liquid fraction decreases can be described by the equation:
d8/d(inf) = (h(8-8a)-8+i)(Ae+e/oc*))/(i -h+Ae)

...

l

where
8 = isotopic composition of the residual liquid, 8 a = isotopic composition o f local atmospheric vapor, h
= relative humidity normalized to the temperature of the surface water, OC* = equilibrium isotope
fractionation factor, Ae = kinetic fractionation factor, and E = the total fractionation factor (Gonfiantini,
1986).
Assuming that evaporation conditions remain unchanged, (i.e. h, 8a, Ae, E and a remain
constant, equation (1) can be integrated:
8 = (80 - A/B)fB + A/B

...

2

where 8 0 = the initial isotopic composition of water and:
A = (hSa + Ae + e/a)/(i - h + Ae)

...

3

b = (h - Ae - e/a)/(i - h + Ae)

...

4

From equation (4) it can be seen that A/B is the isotopic composition that a water reaches
in its final stages of evaporation when f approaches zero.

A/B does corresponds invariably to a

maximum value of heavy isotopic enrichment of the particular evaporating water. It is observed that
A/B does not depend on 8 0, and this explains why waters with different initial isotopic composition
tend to the same 8 value during evaporation, as observed by Gonfiantini (1965).
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APPENDIX 6
Gat and Bowser’s (1991) method
The enrichment of heavy isotopic species of hydrogen and oxygen in a coupled series of
evaporative steps is limited by the feedback of aunospheric moisture (Gat and Bowser, 1991).
Examination of a number of feedback schemes involving the admixture of evaporated moisture into the
atmosphere showed that humidity is the controlling parameter of the degree of heavy isotope
enrichment. The limiting situation is described by the relation:

8LL 5 da= |hbeyond which no further heavy isotope enrichment can occur.
8 L = limiting isotopic composition of the evaporating body
8 a = isotopic composition of atmospheric moisture
£ = total fractionation factor
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APPENDIX 7
Majoube’s (1971) equation
Deuterium fractionation factors

a

between liquid and vapor water for the isotopic mixture

have been measured between 0 and 100°C by Majoube (1971).
represented by the relation:
lna = (1.137/T2) x

103 - 76.248/T -

2.0667 x

The temperature values are in Kelvin.

10“3

H20-HDO

Experimental results can be

